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ABSTRACT 
Comprising over 70% of the Earth's surface, water is undoubtedly the most 
precious natural resource that exists on our planet. Without the seemingly 
invaluable compound comprised of hydrogen and oxygen, life on Earth would be 
non-existent: it is essential for everything on our planet to grow and prosper. 
Although we as humans recognize this fact, we disregard it by polluting our rivers, 
lakes, and oceans. Subsequently, we are slowly but surely harming our planet to 
the point where organisms are dying at a very alarming rate. In addition to innocent 
organisms dying off, our drinking water has become greatly affected, as is our ability 
to use water for recreational purposes. 
Currently, the pollution of rivers and streams with chemical contaminants has 
become one of the most crucial environmental problems. Water borne chemical 
pollution entering rivers and streams cause tremendous amounts of destruction. 
Eutrophication of surface waters from human and agricultural wastes and 
nitrification of groundwater from agricultural practices has greatly affected large 
parts of the world. Acidification of surface waters by air pollution is a recent 
phenomenon and threatens aquatic life in many area of the world. Of the two types 
of water pollution, point source and nonpoint source, pollution arising from nonpoint 
sources accounts for a majority of the contaminants in streams and lakes and are 
much more difficult to control. An example of this type of water pollution (nonpoint 
source) is when fertilizer from a field is carried into a stream by rain, in the form of 
run-off, which in turn effects aquatic life. Besides this, with over 70 percent of the 
planet covered by oceans, people have long acted as if these very bodies of water 
could serve as a limitless dumping ground for wastes. Raw sewage, garbage, and 
oil spills have begun to ovenvhelm the diluting capabilities of the oceans, and most 
coastal waters are now polluted. Beaches around the world are closed regularly, 
often because of high amounts of bacteria from sewage disposal, and marine 
wildlife is beginning to suffer. 
More importantly, ninety-five percent of all fresh water on earth is ground water. 
Ground water is found in natural rock formations. These formations, called aquifers, 
are a vital natural resource with many uses. Estimates suggest that nearly 1.5 
billion people lack safe drinking water and that at least 5 million deaths per year can 
be attributed to waterborne diseases. 
Clearly, the problems associated with water pollution have the capabilities to 
disrupt life on our planet to a great extent thus acknowledging the fact that water 
pollution is, indeed, a serious issue. In developed countries, these general types of 
pollution have occurred sequentially with the result that most developed countries 
have successfully dealt with major surface water pollution. In contrast, however, 
newly industrialized countries such as China, India, Thailand, Brazil, and Mexico are 
now facing all these issues simultaneously. 
In order to combat water pollution, a number of scientific groups are working all 
over the world to develop an efficient physicochemical method for wastewater 
treatment. Physical methods, such as adsorption, biological methods 
(biodegradation) and chemical methods (chlorination, ozonation) are the most 
frequently used for the treatment of wastewater. Among many processes proposed 
and/or being developed for the destruction of the organic contaminants, 
biodegradation has received the greatest attention. However, many organic 
chemicals, especially those that are highly toxic or refractory, are not amendable to 
microbial degradation. 
Recently, there has been considerable interest in the utilization of 
heterogeneous photocatalysis involving TiOa for the destruction of organic 
compounds in contaminated water. The mechanism constituting heterogeneous 
photocatalytic oxidation processes has been discussed extensively in the literature. 
Briefly, when a semiconductor such as Ti02 absorbs a photon of energy equal to or 
greater than its band gap width, an electron may be promoted from the valence 
band to the conduction band (e'cb) leaving behind an electron vacancy or "hole" in 
the valence band (h\b). If charge separation is maintained, the electron and hole 
may migrate to the catalyst surface where they participate in redox reactions with 
absorbed species. Specially, h*vb nriay react with surface-bound H2O or OH" to 
produce hydroxyl radical (OH*) and e"cb is picked up by oxygen to generate 
superoxide radical anion (02~ *). These reactive species are primarily responsible 
for the photodegradation of organic pollutants. 
The present work entitled "Semiconductor mediated photocatalysed 
degradation of few selected organic pollutants" deals with photocatalytic 
degradation of few selected organic pollutants in aqueous suspensions of titanium 
dioxide under a variety of conditions with an aim to determine the optimal 
degradation conditions. An attempt has also been made to identify the intermediate 
products formed during the photooxidation process through GC/MS analysis 
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technique in order to have a better understanding of the mechanism involved in 
these processes. This thesis is divided into four chapters. 
The Chapter 1 deals with photocatalysed degradation of four selected herbicide 
derivatives, such as picloram (1), dicamba (2), floumeturon (3) and diphenamid (4) 
in aqueous suspensions of titanium dioxide (Ti02) under a variety of conditions. The 
degradation was studied by monitoring the change in substrate concentration 
employing UV spectroscopic analysis technique and depletion in Total Organic 
Carbon (TOC) content as a function of irradiation time. The degradation was studied 
using various parameters, such as types of Ti02 powders, solution pH, substrate 
concentration, catalyst concentration and in the presence of different electron 
acceptors. The degradation of herbicide derivative 4 was also investigated under 
sunlight and efficiency of degradation was compared with that of artificial light 
source. The degradation for the decomposition (decrease in absorption intensity vs. 
irradiation time) and mineralization (depletion in TOC vs. irradiation time) of all the 
herbicide derivatives under investigation has been found to follow first order kinetics 
(i.e. linear regression of plot of natural logarithm of absorption intensity and TOC 
content vs. irradiation time). 
The degradation rate for the decomposition and mineralization were calculated 
in terms of mole L"^  min "^  using the following equations, 
-d[TOC]/dt = k c" 
-d[A]/dt = k c" 
TOC = Total Organic Carbon, A = absorbance, k = rate constant, c = concentration 
of the pollutant, n = order of reaction 
s 
The degradation rate for the decomposition and mineralization of compounds 
were found to be influenced by all the parameters studied. The photocatalyst, TiOa 
Hombikat UV100 was found to be slightly better for the degradation of 1, whereas, 
Ti02 Degussa P25 was found to be more efficient for the degradation of 2-4 as 
compared with other Ti02 samples. The degradation rates were found to be higher 
in acidic pH range. The different electron acceptors employed have been found to 
accelerate the reaction rate. The mechanistic detail and discussion regarding the 
effect of various parameters on the photocatalytic degradation of different 
compounds under investigation has been discussed in detail. 
The GC/MS analysis of the irradiated sample of picloram (1) in the presence of 
Hombikat UV100 (1 gL'^) showed the formation of three intermediate products such 
as 4-amino-dichloro-hydroxypicolinic acid (8), 2.3,5-trichloro-pyridin-4-ylamine (9) 
and 3,5,6-trichloro-pyridine-2-carboxylic acid (10). The GC/MS analysis of the 
irradiated sample of dicamba (2) in the presence of Degussa P25 (1 gL'^ ) shewed 
the formation of six products such as 3,6-dichloro-2-methoxyphenol (12), hydroxy 
added product (13), 3,6-dichlorosalicylic acid (14), chloro-hydroxy derivative (15), 
dihydroxy added product (16) and dichlorodihydroxy benzoic acid derivative (18). 
The GC/MS analysis of the irradiated sample of floumeturon (3) in the presence of 
Degussa P25 (1 gL'^) showed the formation of several intermediate products. The 
probable degradation pathways for the photocatalytic reaction of floumeturon (3) 
have been proposed. The GC/MS analysis of the irradiated sample of diphenamid 
(4) in the presence of Degussa P25 (1 gL'^ ) showed the formation of five products 
such as a-phenylbenzeneacetic acid (26), 2,2-diphenyl-2-hydoxyacetic acid (28), 
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benzoyl formic acid (30), nordiplienamid (32) and N,N-dimethyl-a-
hydroxyphenylbenzene acetamide (34). A probable pathway for the fornnation of 
different products from 1-4 involving electron transfer reactions and reaction with 
hydroxyl radicals and superoxide radical anions formed in the photocatalytic system 
have been proposed in Schemes 1.1-1.5. The above-mentioned products were 
characterized either on the basis of molecular ion peak and mass spectrometric 
fragmentation pattern or by comparing them with GC/MS library. 
The Chapter 2 of the thesis deals with the photocatalysed degradation of three 
selected organophosphorus insecticide derivatives, namely phosphamidon (1), 
dichlorvos (2) and acephate (3) in the presence of titanium dioxide. The degradation 
of 1 and 2 was studied by monitoring the change in substrate concentration 
employing UV spectroscopic analysis technique whereas the degradation of 3 was 
studied by measuring the depletion in Total Organic Carbon (TOC) content as a 
function of irradiation time using different parameters. The photocatalyst, Degussa 
P25 showed highest photocatalytic activity as compared with other Ti02 powders for 
all the insecticides under investigation. The model compound 2 and 3 was found to 
degrade faster at lower pH, whereas degradation of 1 was more or less same in the 
pH range studied. 
The GC/MS analysis of the irradiated sample of dichlorvos (2) in the presence of 
Degussa P25 (1 gL'^ ) showed the formation of several intermediate products. The 
probable degradation pathways for the photocatalytic reaction of dichlorvos (2) have 
been proposed in Scheme 2.1. The GC/MS analysis of the irradiated mixture of 
acephate (3) in the presence of Degussa P25 (1 gL"'') showed the formation of three 
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photoproducts such as (l-Hydroxy-ethyl)-thiophosphorannidic acid, 0,S-dimethyl 
ester (15), (l-Hydroxy-ethyl)-phosphoramidic acid, monomethyl ester (17) and (1-
Hydroxy-ethyl)-thiophosphoramidic acid, S-methyi ester (18). These products were 
identified based on their molecular ion and mass spectrometric fragmentation 
pattern with those reported in the GC/MS library and probable pathway for their 
formation is shown in Scheme 2.2. 
The Chapter 3 of the thesis deals with the photocatalysed degradation of three 
selected organic systems such as dimethyl terephthalate (1), 2,4-dichlorobenzoic 
acid (2) and 3,5-dinitrobenzoic acid (3) in aqueous suspensions of titanium dioxide. 
The degradation of all the compounds was investigated by monitoring the depletion 
in Total Organic Carbon (TOC) content as a function of irradiation time. The 
degradation kinetics have been studied under different conditions such pH, catalyst 
concentration, substrate concentration, different types of Ti02 and in the presence 
of electron acceptor such as hydrogen peroxide besides molecular oxygen. The 
degradation rates were found to be strongly influenced by the above parameters. 
Different degradation behaviors of the compounds have been observed on the 
variation of solution pH. The two intermediate products such as dihydroxy added 
product (11) and 2-(acetyloxy)-1,4-benzenedicarboxylic acid, dimethyl ester (19) 
were identified through GC/MS analysis technique by comparing the molecular ion 
and mass spectrometric fragmentation pattern with those reported in the library in 
the photocatalytic reaction of dimethyl terephthalate (1). The GC/MS analysis of 
irradiated mixture of 2,4-dichlorobenzoic acid (2) gave mono-chlorobenzoic acid 
(21) and monocholoro-monohydroxy benzoic acid derivative (24) as the identified 
<& 
degradation products. The compound (21) has been identified by comparing the 
molecular ion peak and mass spectrometric fragmentation pattern with those 
reported in the library whereas compound (24) has been characterized on the basis 
of molecular ion peak and mass spectrometric fragmentation pattern. The GC/MS 
analysis of irradiated mixture of 3,5-dinitrobenzoic acid (3) led to the formation of 
dihydroxy added product (27) and 3,5-dinitrophenol (30). Both the product has been 
characterized based on their molecular ion and mass spectrometric fragmentation 
pattern. 
The chapter 4 includes the photocatalysed degradation of three selected dye 
derivatives, acid red 17 (1), acid orange 10 (2) and acid yellow 36 (3) in aqueous 
suspensions of titanium dioxide under a variety of conditions. The degradation was 
studied by monitoring the change in substrate concentration employing UV 
spectroscopic analysis technique as a function of irradiation time. The degradation 
rate for the decomposition of compounds 1-3 was studied using various parameters 
in order to determine the optimal degradation condition. The photocatalyst, 
Hombikat UV100 was found to be better for the degradation of 1, whereas the 
degradation of 2 and 3 was more efficient in the presence of Degussa P25 as 
compared with other Ti02 samples. 
Reasonable mechanisms have been suggested to account for the formation of 
various products in the reaction of different compounds listed under Chapters 1-3. 
Note: The numbers of various compounds given in the parentheses corresponds to 
those under the respective chapters. 
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PREFACE 
This thesis entitled "Semiconductor mediated photocatalysed degradation 
of few selected organic pollutants" deals with photocatalytic degradation of 
few selected organic pollutants in aqueous suspensions of titanium dioxide under 
a variety of conditions with an aim to determine the optimal degradation 
conditions. An attempt has also been made to identify the intermediate products 
formed during the photooxidation process through GC/MS analysis technique in 
order to have a better understanding of the mechanism involved in these 
processes. This thesis is divided into four chapters. 
The Chapter 1 deals with photocatalysed degradation of four selected 
herbicide derivatives, such as picloram (1), dicamba (2), floumeturon (3) and 
diphenamid (4) in aqueous suspensions of titanium dioxide (TiOa) under a variety 
of conditions. The degradation was studied by monitoring the change in substrate 
concentration employing UV spectroscopic analysis technique and depletion in 
Total Organic Carbon (TOC) content as a function of irradiation time. The 
degradation was studied using various parameters, such as types of Ti02 
powders, solution pH, substrate concentration, catalyst concentration and in the 
presence of different electron acceptors. The degradation of herbicide derivative 
4 was also investigated under sunlight and efficiency of degradation was 
compared with that of artificial light source. The degradation for the 
decomposition (decrease in absorption intensity vs. irradiation time) and 
mineralization (depletion in TOC vs. irradiation time) of all the herbicide 
derivatives under investigation has been found to follow first order kinetics (i.e. 
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linear regression of plot of natural logarithm of absorption intensity and TOC 
content vs. irradiation time). 
The degradation rate for the decomposition and mineralization were 
calculated in terms of mole L'^  min '^  using the following equations, 
-d[TOC]/dt = k c" 
-d[A]/dt = k c" 
TOC = Total Organic Carbon, A = absorbance, k = rate constant, c = 
concentration of the pollutant, n = order of reaction 
The degradation rate for the decomposition and mineralization of compounds 
were found to be influenced by all the parameters studied. The photocatalyst, 
TiOa Hombikat UV100 was found to be slightly better for the degradation of 1, 
whereas, Ti02 Degussa P25 was found to be more efficient for the degradation 
of 2-4 as compared with other Ti02 samples. The degradation rates were found 
to be higher in acidic pH range. The different electron acceptors employed have 
been found to accelerate the reaction rate. The mechanistic detail and discussion 
regarding the effect of various parameters on the photocatalytic degradation of 
different compounds under investigation has been discussed in detail. 
The GC/MS analysis of the irradiated sample of picloram (1) in the presence 
of Hombikat UV100 (1 gL'^ ) showed the fonnation of three intermediate products 
such as 4-amino-dichloro-hydroxypicolinic acid (8), 2.3,5-trichloro-pyridin-4-
ylamine (9) and 3,5,6-trichloro-pyridine-2-carboxylic acid (10). The GC/MS 
analysis of the irradiated sample of dicamba (2) in the presence of Degussa P25 
(1 gL^) showed the formation of six products such as 3,6-dichloro-2-
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methoxyphenol (12), hydroxy added product (13), 3,6-dichlorosalicylic acid (14), 
chloro-hydroxy derivative (15), dihydroxy added product (16) and 
dichlorodihydroxy benzoic acid derivative (18). The GC/MS analysis of the 
irradiated sample of floumeturon (3) in the presence of Degussa P25 (1 gL"^ ) 
showed the formation of several intermediate products. The probable 
degradation pathways for the photocatalytic reaction of floumeturon (3) have 
been proposed. The GC/MS analysis of the irradiated sample of diphenamid (4) 
in the presence of Degussa P25 (1 gL"^ ) showed the formation of five products 
such as a-phenylbenzeneacetic acid (26), 2,2-diphenyl-2-hydoxyacetic acid (28), 
benzoyl formic acid (30), nordiphenamid (32) and N,N-dimethyl-a-
hydroxyphenylbenzene acetamide (34). A probable pathway for the formation of 
different products from 1 -4 involving electron transfer reactions and reaction with 
hydroxyl radicals and superoxide radical anions formed in the photocatalytic 
system have been proposed in Schemes 1.1-1.5. The above-mentioned products 
were characterized either on the basis of molecular ion peak and mass 
spectrometric fragmentation pattern or by comparing them with GC/MS library. 
The Chapter 2 of the thesis deals with the photocatalysed degradation of 
three selected organophosphorus insecticide derivatives, namely phosphamidon 
(1), dichlorvos (2) and acephate (3) in the presence of titanium dioxide. The 
degradation of 1 and 2 was studied by monitoring the change in substrate 
concentration employing UV spectroscopic analysis technique whereas the 
degradation of 3 was studied by measuring the depletion in Total Organic Carbon 
(TOC) content as a function of irradiation time using different parameters. The 
photocatalyst, Degussa P25 showed highest photocatalytic activity as compared 
with other Ti02 powders for all the insecticides under investigation. The model 
compound 2 and 3 was found to degrade faster at lower pH, whereas 
degradation of 1 was more or less same in the pH range studied. 
The GC/MS analysis of the irradiated sample of dichlorvos (2) in the presence 
of Degussa P25 (1 gL'^ ) showed the formation of several Intermediate products. 
The probable degradation pathways for the photocatalytic reaction of dichlorvos 
(2) have been proposed in Scheme 2.1. The GC/MS analysis of the irradiated 
mixture of acephate (3) in the presence of Degussa P25 (1 gL"^ ) showed the 
formation of three photoproducts such as (l-Hydroxy-ethyl)-thiophosphoramidic 
acid, 0,S-dimethyl ester (15), (l-Hydroxy-ethyl)-phosphoramidic acid, 
monomethyl ester (17) and (l-Hydroxy-ethyl)-thiophosphoramidic acid, S-methyl 
ester (18). These products were identified based on their molecular ion and mass 
spectrometric fragmentation pattern with those reported in the GC/MS library and 
probable pathway for their formation is shown in Scheme 2.2. 
The Chapter 3 of the thesis deals with the photocatalysed degradation of 
three selected organic systems such as dimethyl terephthalate (1), 2,4-
dichlorobenzoic acid (2) and 3,5-dinitrobenzoic acid (3) in aqueous suspensions 
of titanium dioxide. The degradation of all the compounds was investigated by 
monitoring the depletion in Total Organic Carbon (TOC) content as a function of 
irradiation time. The degradation kinetics have been studied under different 
conditions such pH, catalyst concentration, substrate concentration, different 
types of Ti02 and in the presence of electron acceptor such as hydrogen 
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peroxide besides molecular oxygen. The degradation rates were found to be 
strongly influenced by the above parameters. Different degradation behaviors of 
the compounds have been observed on the variation of solution pH. The two 
intermediate products such as dihydroxy added product (11) and 2-(acetyloxy)-
1,4-benzenedicarboxylic acid, dimethyl ester (19) were identified through GC/MS 
analysis technique by comparing the molecular ion and mass spectrometric 
fragmentation pattern with those reported in the library in the photocatalytic 
reaction of dimethyl terephthalate (1). The GC/MS analysis of irradiated mixture 
of 2,4-dichlorobenzoic acid (2) gave mono-chlorobenzoic acid (21) and 
monocholoro-monohydroxy benzoic acid derivative (24) as the identified 
degradation products. The compound (21) has been identified by comparing the 
molecular ion peak and mass spectrometric fragmentation pattern with those 
reported in the library whereas compound (24) has been characterized on the 
basis of molecular ion peak and mass spectrometric fragmentation pattern. The 
GC/MS analysis of irradiated mixture of 3,5-dinitrobenzoic acid (3) led to the 
formation of dihydroxy added product (27) and 3,5-dinitrophenol (30). Both the 
product has been characterized based on their molecular ion and mass 
spectrometric fragmentation pattern. 
The chapter 4 includes the photocatalysed degradation of three selected dye 
derivatives, acid red 17 (1), acid orange 10 (2) and acid yellow 36 (3) in aqueous 
suspensions of titanium dioxide under a variety of conditions. The degradation 
was studied by monitoring the change in substrate concentration employing UV 
spectroscopic analysis technique as a function of irradiation time. The 
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degradation rate for the decomposition of compounds 1-3 was studied using 
various parameters in order to determine the optimal degradation condition. The 
photocatalyst, Hombikat UV100 was found to be better for the degradation of 1, 
whereas the degradation of 2 and 3 was more efficient in the presence of 
Degussa P25 as compared with other Ti02 samples. 
Reasonable mechanisms have been suggested to account for the fonnation of 
various products in the reaction of different compounds listed under Chapters 1-3. 
Note: The numbers of various compounds given in the parentheses corresponds 
to those under the respective chapters. 
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Chapter 1 
SEMICONDUCTOR MEDIATED PHOTOCATALYSED DEGRADATION 
OF FOUR SELECTED HERBICIDE DERIVATIVES IN AQUEOUS 
SUSPENSIONS'^ 
1.1 Abstract 
Semiconductor mediated photocatalysed degradation of four selected 
herbicide derivatives, such as picloram (1), dicamba (2), floumeturon (3) and 
diphenamid (4) has been investigated in aqueous suspensions of titanium 
dioxide under a variety of conditions. The degradation was studied by monitoring 
the change in substrate concentration employing UV spectroscopic analysis 
technique and decrease in Total Organic Carbon (TOC) content as a function of 
irradiation time. The degradation of herbicide was studied under different 
conditions such as different types of Ti02, reaction pH, catalyst concentration, 
substrate concentration, and in the presence of electron acceptors like hydrogen 
peroxide (H2O2), potassium bromate (KBrOa) and ammonium persulphate 
(NH4)2S208) besides molecular oxygen. The degradation rates were found to be 
strongly influenced by all the above parameters. Titanium dioxide, Degussa P25 
was found to be more efficient photocatalyst as compared with other Ti02 
powders in the case of dicamba (2), floumeturon (3) and diphenmid (4), whereas 
Ti02, Hombikat UV100 was better for the degradation of picloram (1). The 
herbicide, picloram (1) was found to degrade faster as compared to dicabma (2), 
floumeturon (3) and diphenamid (4). The degradation products were analysed by 
GC/MS analysis technique and plausible mechanism for the formation of products 
have been proposed. 
1.2 Introduction 
A wide variety of organics especially pesticides are introduced into the 
water system from various sources such as industrial effluents, agricultural run-
offs and chemical spills. These compounds due to their chemical stability, 
resistance to biodegradation and with sufficient water solubility can either 
penetrate deep into the ground water or can be washed away to the surface 
water bodies.^" Their toxicity, stability to natural decomposition and persistence 
in the environment, have been the cause of much concern and is receiving a 
considerable interest by the society and regulation authorities around the world.^ 
The control of organic pollutants in water is an important measure in 
environmental protection. Among many processes proposed and/or being 
developed for the destruction of the organic contaminants, biodegradation has 
received the greatest attention. However, many organic chemicals, especially 
which are toxic or refractory, are not amendable to microbial degradation. For the 
removal of such recalcitrant pollutants, traditional physical techniques (adsorption 
on activated carbon, ultra filtration, reverse osmosis...) can be used. 
Nevertheless, they are non destructive, since they just transfer organic matter 
from water to sludge. Chemical treatment of polluted surface and groundwater is 
a part of long-term strategy to improve the quality of water. 
During the past two decades, photocatalytic processes involving Ti02 
semiconductor particles under UV light illumination have been shown to be 
potentially advantageous and useful in the treatment of wastewater pollutants. 
Earlier studies^'^° have shown that a wide range of organic substrates such as 
alkanes, alkenes, aromatics, surfactants, herbicides, pesticides, fungicides and 
insecticides can be completely photomineralized in the presence of Ti02 and 
oxygen. 
1.2.1 Mechanism of Semiconductor photocatalysis 
Among the semiconductors, TiOa has proven to be the most suitable for 
widespread environmental application because it has advantage of being non-
toxic, stable in aqueous solution, relatively inexpensive and environmentally 
benign. The mechanism constituting these oxidative processes have been 
discussed extensively in the jiterature.^ '^^ ^ A Semiconductor is commonly 
characterized by energy gap between its electronically populated valence band 
and its largely vacant conduction band.^^ Irradiation of semiconductor particles 
with light of energy greater than or equal to the band-gap of the semiconductor 
promotes an electron from the valence band to the conduction band.^^ The 
conduction band electron and the valence band electron hole may either undergo 
electron transfer reactions with the adsorbed substrate or recombine. '^* 
The electron transfer processes are illustrated in Fig. 1.1 with a TiOa 
particle with oxygen being an electron acceptor and water as electron donor. If 
charge separation is maintained, the electron and hole may migrate to the catalyst 
surface where they participate in redox reactions with sorbed species. Specially, 
h\b may react with surface-bound H2O or OH" to produce the hydroxyl radical 
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Figure 1.1 
and e cb is picked up by oxygen to generate superoxide radical anion (O2 *), as 
indicated in the following equations 1-3; 
Ti02 + hv -> e'cb + h*vb [1] 
02 + e' cb O2-
H20 + h\b -^ OH' + H* 
[2] 
[31 
It has been suggested that the hydroxyl radicals (OH*) and superoxide 
radical anions (O2" ') are the primary oxidizing species in the photocatalytic 
oxidation processes. 
The ability of a semiconductor as a photocatalyst for a redox reaction is 
governed by the position of its conduction and valence bands (band-edge 
positions). In order for a desired electron transfer reaction to occur, the relevant 
potential of the electron acceptor should be below (more positive than) the 
conduction band of the semiconductor, while the relevant potential of the electron 
donor is preferred to be above (more negative than) the valence band of the 
semiconductor. For an organic synthesis via organic photocatalysis, the 
substrate must have a potential more negative than the valence band of the 
semiconductor used. For a reductive synthesis, it is vice versa. A number of 
semiconductors have been investigated for their ability to photocatalysed organic 
functional group transformations. Their band-gaps and ban edge positions have 
been summarized in several well-known reviews.^ ^"^^ 
Titanium dioxide has a valence band potential of +3.1V (vs. SCE) and a 
conduction band potential of-0.1 V (vs. SCE), respectively, which means that its 
band gap energy is 3.2 eV and therefore absorbs in the near UV light (X, < 387 
nm). Many organic compounds have a potential above than that of the Ti02 
valence band and therefore can be oxidized. In contrast, fewer organic 
compounds can be reduced since a smaller number of them have a potential 
below than that of the TiOa conduction band.^^ The other criteria for the selection 
of a semiconductor include its chemical and photochemical stability and 
environmental impact. An important factor for TiOa being the most popular 
semiconductor is its resitivity to strong acids and bases and its stability under 
illumination.^" 
In the first chapter of the thesis we have chosen few selected herbicide 
derivatives for our study, which have been used extensively in the agricultural 
field for better quality and quantity of crops. For example, the herbicide 
derivative, picloram (1) has been extensively used as a broad-spectrum herbicide 
for the control of broad-leaf and v\/oody plants in rangelands, pastures and rights-
of-way for powerlines and highways.^ ^ Picloram is a slightly toxic herbicide and is 
of moderate toxicity to the eyes and only mildly toxic on the skin. However, a 
possible symptom from massive amounts would be nausea.^^ The half-life of 
picloram under most field conditions is a few months.^^ In heavy clay soil, it has a 
half-life of slightly over two months. However, when more organic material is 
present, the half-life nearly doubles. Breakdown by soil microorganisms occurs 
slowly, resulting in the formation of carbon dioxide (CO2) and the release of a 
chloride ion.^* Hydrolysis of picloram is very slow and is moderately mobile and 
relatively persistent in soil and can therefore leach to the ground water. It has 
been detected in the groundwater of seven states.^ '^^ ^ 
The herbicide derivative, dicamba (2) has been extensively used to control 
broad-leaf weeds in field and silage corn, grain sorghum, asparagus, etc. It is also 
used for control of brush and vines in noncropland, pasture and rangeland areas.^ ^ 
In several aerobic soil metabolism studies, dicamba had half-life of 1 to 6 weeks 
at 18 to 38 °C and 40-100% of field capacity. It has been reported that 
degradation rate decreases with decreasing temperature and soil moisture.^^^^ It 
is highly mobile in different types of soil indicating that it would leach into the 
groundwater. Dicamba is moderately toxic and its exposure may results into 
muscle cramps, dyspnea, nausea, vomiting, skin rashes, loss of voice or swelling 
of cervical glands.^'''^^ 
The herbicide floumeturon (3) is used in preemergence and postmergence 
control of annual grasses and broadleaves in cotton and sugarcane.^ On the 
other hand diphenamid (4), an acid amide, is a soil-applied herbicide, which is 
widely used to control preemergence annual grass and small seeded broad leaf 
weeds. It generally acts as a cell division inhibitor in plants and usually exhibits 
moderate persistence in the environment, which ranges from 1 to 3 months.^^ It is 
mainly used as a preemergent and selective herbicide for tomatoes, alfalfa, 
soybean, cotton and other crops.^ ® Diphenamid is stable to hydrolysis at pH 5, 7 
and 9 for 7,12 and 10 days, respectively, at elevated temperatures (49 °C or 120 
°F).^^ It is intermediately mobile on silt loam and silty caly loam soil indicating that 
it would leach readily in the soil.^ 
Inspite of the appearance of huge number of articles in the literature 
dealing with the detoxification of a variety of organic compounds and polluted 
water, there has not been any report on the photocatalytic degradation of these 
herbicide derivatives. We have, therefore, investigated the detailed degradation 
kinetics of the herbicide derivatives, 1-4 shown in Chart 1.1 sensitized by Ti02 in 
aqueous suspensions under a variety of conditions. An attempt has also been 
made to identify the intemiediate products formed during the photooxidation 
process through GC/MS analysis technique. 
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Chart 1.1: Chemical structure, common name, Chemical name and 
Chemical formula. 
1.3 Experimental 
1.3.1 Reagents and Chemicals 
Analytical grade samples of herbicides, 1-3 were obtained from Riedel-de 
Haen, whereas, diphenamid (4) was obtained from Aldrich and used as such 
without any further purification. The water employed in all the studies was double 
distilled. The photocatalyst titanium dioxide, P25 (Degussa AG)''° was used for 
the degradation of dicamba, floumeturon and diphenamid, whereas Hombikat 
UV100 (Sachtleben chemie GmbH/^ was used in the case of picloram in most of 
the experiment. The photocatalyst, PC500 (Milenium inorganic chemicals/^ and 
TTP (Travancore titanium products, India)'*^ was used for comparative studies. 
Degussa P25 consists of 75% anatase and 25% rutile with a specific BET-surface 
area of 50 mV^ and primary particle size of 20 nm.^^ Hombikat UV100 consist of 
100% anatase with a specific BET-surface area >250 m^g'^  and primary particle 
size of 5 nm.'*^ The photocatalyst, PC500 has a BET-surface area of 287 m g^"^  
with 100% anatase and primary particle size of 5-10 nm^^, whereas, TTP has a 
BET-surface area of 9.82 mV^- The other chemicals used in this study such as 
NaOH, HNO3. (NH4)2S208, H2O2 and KBrOa were obtained from Merck. 
1.3.2 Procedure 
Solutions of the herbicide of desired concentration were prepared in 
double distilled water. An immersion well photochemical reactor made of "Pyrex" 
glass equipped with a magnetic stirring bar, water circulating jacket and an 
opening for supply of molecular oxygen was used. A simplified diagram of the 
reactor system is shown in Fig. 1.2. 
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Figure 1.2 
For irradiation experiments, aqueous solution of herbicide of desired 
concentration was taken into tlie photoreactor and required amount of 
photocatalyst was added. Tlie solution was stirred and bubbled with molecular 
oxygen for at least 15 minutes in the dark to allow equilibration of the system so 
that the loss of compound due to adsorption can be taken into account. The pH 
of the reaction mixture was adjusted by adding a dilute aqueous solution of HNO3 
or NaOH. The zero time reading was obtained from blank solution kept in the 
dark but otherwise treated similarly to the irradiated solution. The suspensions 
were continuously purged with molecular oxygen throughout each experiment. 
Irradiations were carried out using a 125 W medium pressure mercury lamp 
(Philips). IR-radiation and short-wavelength UV-radiation were eliminated by a 
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water circulated "Pyrex" glass jacket. Samples (6 mL) were collected before and 
at regular intervals during the irradiation and analysed after centrifugation. 
Photocatalytic degradation of herbicide derivative 4 was also investigated 
under sunlight and its efficiency was compared with that of artificial light source. 
The sunlight experiments were carried out between 9.00 A.M. to 2.30 P.M. during 
the months of May (Summer Season) at Aligarh City which is about 140 km from 
New Delhi. Reactions were carried out in a round bottom flask made of "Pyrex" 
glass. The solution (250 mL) of desired concentration of the model compound 
containing required amount of the photocatalyst was taken and stirred for 15 min 
in the dark in the presence of oxygen for equilibration. The solution was then 
placed under sunlight on a flat platform with continuous stirring and purging of 
molecular oxygen. Samples (10 mL) were collected before and at regular 
intervals during the illumination, which were centrifuged and analysed. 
1.3.3 Analysis 
1.3.3.1 Photomineralization of herbicide derivatives 
The photomineralization of the herbicides were detemriined by measuring 
the total organic cariDon (TOC) content as a function of irradiation time using 
Total Organic Carbon analyzer (Shimadzu TOC 5000 A).^^ The main principle of 
TOC analyzer involves the use of carrier gas (oxygen), which is flow-regulated 
(150 ml/min) and allows to flow through the total carbon (TC) combustion tube, 
which is packed with catalyst, and keep at 680 °C. When the samples enter the 
TC combustion tube, TC in the sample is oxidized to carbon dioxide. The carrier 
gas containing the combustion products from the TC combustion tube flows 
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through the inorganic carbon (IC) reaction vessel, dehumidifier, halogen scrubber 
and finally reaches the sample cell of the non-dispersive infrared (NDIR) detector 
which measures the carbon dioxide content. The output signal (analog) of the 
NDIR detector is displayed as peaks. The peak areas are measured and 
processed by the data processing unit. Since the peak areas are proportional to 
the total carbon concentration, the total carbon in a sample may be easily 
determined from the calibration curve prepared using standard solution of known 
carbon content. Total carbon is the sum of TOC (Total Organic Carbon) and IC 
(Inorganic Carbon). 
1.3.3.2 Photodegradation of the herbicide derivatives 
The photodegradation of the herbicides were detennined by measuring 
the decrease in absorption intensity at their A^ ax as a function of irradiation time 
using UV-spectroscopic analysis technique (Shimadzu UV-Vis 1601). The double 
beam spectrophotometer has an in-built tungsten and deuterium lamps, which 
provide the measurement of optical density (OD) in the range 200-1000 nm (near 
UV and visible regions). The samples were analyzed using quartz cuvette, as it 
has zero absorption in the above wavelength regions. 
1.3.3.3 Characterization of Intermediate Photoproducts 
For the characterization of intennediate products from the herbicide 
derivatives 1-3, an aqueous solution (160 mL) containing Ti02 (1 gL"') were 
taken in the immersion well photochemical reactor. Irradiations were carried out 
using a 125 W medium pressure mercury lamp (Philips) for 50 min to 2 h. The 
photocatalyst was removed through filtration. The filtrate was extracted with 
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chloroform, which was subsequently dried over anhydrous sodium sulphate and 
the solvent was removed under reduced pressure to give a residual mass, which 
was analyzed by GC/MS. For GC/MS analysis a Hewlett Packard Gas 
chromatograph and mass spectrometer (G1800A) equipped with a 30 m HP-1 (d 
= 0.25 mm) capillary column, operating temperature programmed (injection 
temperature 100 °C which is raised to 250 °C at the rate of 10 °C min'^  which is 
further raised to 280 °C at the rate of 30 °C min" )^ in splittless mode injection 
volume 0.5 \iL with helium as a carrier gas was used. 
For the characterization of the intermediate products from the herbicide 
derivative 4, an aqueous solution (250 mL) containing Ti02 (P25, 1 gL'^ ) was 
taken in a photochemical reactor made of Duran glass with a plain quartz window 
(through which a parallel light beam is entering) equipped with a magnetic stirring 
bar, a water circulating jacket and openings for gas supplies. Irradiations were 
carried out using a high-pressure mercury lamp (Osram HBO 500 W). A 10 cm 
water filter and a 320 nm cut-off filter were used to eliminate IR-radiation and 
short wavelength UV-irradiation. Sample (20 mL) were collected at different time 
intervals during the irradiation, centrifuged and extracted with methylene chloride, 
which was subsequently dried over anhydrous sodium sulphate and analyzed by 
GC/MS. For GC/MS analyses a Shimadzu gas chromatograph and mass 
spectrometer (GCMS-QP 5050) equipped with a 25 m CPSIL 19 CB (d = 
0.25mm) capillary column, operating temperature program "ramp to 220 °C for 40 
min at a rate of 10 °C min"^  in split mode" injection volume 1.0 pL with helium as 
a carrier gas was used. 
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1.4 Results and Discussion 
1.4.1 Photocatalysis of aqueous suspension of herbicide derivatives (1-4) 
in the presence of TiOz 
Irradiation of an aqueous suspension of herbicide derivative in the presence 
of photocatalyst, led to decrease in the absorption intensity and depletion in TOC 
content as a function of irradiation time. 
Figs. 1.3-1.5 show the change in absorption intensity and depletion in 
TOC content as a function of time in the presence and absence of Ti02 (1 gL"^ ) 
for the photocatalytic reactions of herbicide derivatives 1-3, respectively, by the 
"Pyrex" filtered output of a 125 W medium pressure mercury lamp. Fig. 1.6 
shows the depletion in TOC content vs time on irradiation of aqueous suspension 
of herbicide 4 under analogous condition. It could be seen from the Figs, that 
when irradiation was carried out in the absence of photocatalyst, there is no 
change in absorption intensity and TOC content as a function of time. Both the 
decomposition (change in absorption intensity vs. in'adiation time) and mineralization 
(depletion in TOC vs. inradiation time) curves can t>e fitted reasonably well by an 
exponential decay curve suggesting the first order kinetics. For each experiment 
the degradation rate for the mineralization and decomposition of the herbicide 
was calculated from the initial slope obtained by linear regression from a plot of 
the natural logarithm of the TOC and absorbance of the herbicide as a function of 
irradiation time, i.e. first order degradation kinetics. The resulting first order rate 
constant has been used in all the subsequent plots to calculate the degradation 
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Fig. 1.3: Depletion in TOC and change in absorption intensity as a function of irradiation 
time for an aqueous solution of picloram (1) in the presence and absence of 
photocatalyst. Experimental conditions: picloram concentration (0.5 mM), V = 160 mL, 
Photocatalyst: Hombikat UV 100 (1 gL" )^, absorption intensity was followed at 224 nm 
after 90% dilution, immersion well photoreactor, 125W medium pressure Hg lamp, cont. 
O2 purging and stirring, irradiation time= 50 min. 
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Fig. 1.4: Depletion in TOC and change in absorption intensity as a function of irradiation 
time for an aqueous solution of dicamba (2) in the presence and absence of 
photocatalyst. Experimental conditions: dicamba concentration (0.56 mM), V = 160 mL, 
Photocatalyst: Degussa P25 (1 gL"^), absorption intensity was followed at 205 nm after 
95% dilution, immersion well photoreactor, 125W medium pressure Hg lamp, cont. O2 
purging and stirring, irradiation time= 2h. 
17 
Floumeturon / With P2S 
TOC / With P25 
Floumeturon / Without P25 
TOC/Without P25 
40 60 80 100 
Irradiation Time (min) 
140 
Fig. 1.5: Depletion in TOC and change in absorption intensity as a function of irradiation 
time for an aqueous solution of floumeturon (3) in the presence and absence of 
photocatalyst. Experimental conditions: floumeturon concentration (0.34 mM), V = 160 
mL, Photocatalyst: Degussa P25 (1 gL"^), absorption intensity was followed at 242 nm 
after 60% dilution, immersion well photoreactor, 125W medium pressure Hg lamp, cont. 
O2 purging and stirring, irradiation time= 2h. 
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Fig. 1.6: Depletion In TOC as a function of time for in'adiation of an aqueous solution of 
diphenamid (4) in the presence and absence of photocatalyst. Experimental conditions: 
diphenamid concentration (0.5 mM), Photocatalyst: Degussa P25 (1 gL '^), V = 280 mL, 
immersion well photoreactor, 125 W medium pressure Hg Lamp, cont. O2 purging and 
stimng, in-adiation time = 3 h. 
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rate for the mineralization and decomposition of the compounds using the 
formula given below, 
-d[TOC]/ dt = kc" [4] 
-d[A]/dt = kc" [5] 
TOC = Total organic carbon, A = Absorbance, k = rate constant, c = 
concentration of the pollutant, n = order of reaction. 
The degradation rate for the decomposition and for the mineralization of 
the herbicide for the first order reaction was calculated in terms of mole L"^  minV 
1.4.2 Comparison of different photocatalysts 
Titanium dioxide is known to be the semiconductor with the highest 
photocatalytic activity, is non-toxic, relatively inexpensive and stable in aqueous 
solution. Several reviews have been written regarding the mechanistic and 
kinetic details as well as the influence of experimental parameters. It has been 
demonstrated that degradation by photocatalysis can be more efficient than by 
other wet-oxidation technique. '*^  
We have tested the photocatalytic activity of four different commercially 
available Ti02 powders (namely Degussa P25, Hombikat UV100, Millennium 
Inorganic PC500 and Travancore Titanium Product) on the degradation kinetics 
of the herbicides under investigation. The degradation rates obtained for the 
decomposition (decrease in absorption intensity vs. irradiation time) and 
mineralization (depletion in TOC v s. irradiation time) of herbicide derivatives, 1-3 
in the presence of different Ti02 powders (1 gL'^) is shown in Figs. 1.7-1.9, 
respectively. Fig 1.10 shows the degradation rate for depletion in TOC content of 
the herbicide derivative 4 in the presence of different Ti02 powders. It has been 
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observed that the degradation of herbicide 1 is slightly better in the presence of 
Hombikat UV100, whereas the degradation of 2-4 proceeds much more rapidly in 
the presence of Degussa P25 as compared with other TiOa samples. 
The differences in the photocatalytic activity of Ti02 are likely to be due to 
differences in the BET-surface, impurities, lattice mismatches or density of 
hydroxyl groups on the catalyst's surface, since they will affect the adsorption 
behavior of a pollutant or intemiediate molecule and the lifetime and 
recombination rate of electron-hole pairs. Martin et al. earlier^^ showed that 
Degussa P25 owes its high photoreactivity due to slow recombination between 
electron and holes whereas Sachtleben Hombikat UV100 has a high 
photoreactivity due to faster interfacial electron transfer rate. Earlier studies have 
shown that Degussa P25 was found to show better activity for the photocatalytic 
degradation of a large number of organic compounds.^ ^®^ On the other hand 
Lindner et al.^^ showed that Hombikat UV100 was almost four times more 
effective than P25 when dichloroacetic acid was used as model pollutant. In a 
recent study Hombikat UV100 was found to be better for the degradation of 
benzidine, 1,2-diphenyl hydrazine^^ and eosine yellowish.^ These results, 
indicate that the activity of the photocatalyst also depends on the type of the 
model pollutant under investigation. 
The reason for better photocatalytic activity of Degussa P25 could be ' 
attributed to the fact that P25 being composed of small nano-crystallites of rutile 
being dispersed within an anatase matrix. The smaller band gap of rutile 
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Fig. 1.7: Comparison of degradation rate for the mineralization and decomposition of 
picloram (1) in the presence of different types of TiOa samples. Experimental conditions: 
picloram concentration (0.5 mM), V = 160 mL, Photocatalyst: Degussa P25 (1 gL'^), 
Sachtleben Hombikat UV100 (1 g L ^ PC 500 (1 gL'), TTP (1 gL^), immersion well 
photoreactor, 125W medium pressure Hg lamp. cont. O2 purging and stining, in^adiation 
time= 50 min. 
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Fig. 1,8: Comparison of degradation rate for the mineralization and decomposition of 
dicamba (2) in the presence of different types of TiOa samples. Experimental conditions: 
dicamba concentration (0.56 mM), V = 160 mL, Photocatalyst: Degussa P25 (1 gL"^), 
Sachtleben Hombikat UVIOO (1 g L ^ PC 500 (1 gL'), TTP (1 gL'), immersion well 
photoreactor, 125W medium pressure Hg lamp, cont. O2 purging and stirring, irradiation 
time= 2h. 
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Fig. 1.9: Comparison of degradation rate for the mineralization and decomposition of 
floumeturon (3) in the presence of different types of Ti02 samples. Experimental 
conditions: floumeturon concentration (0.34 mM), V = 160 mL, Photocatalyst: Degussa 
P25 (1 gL'). Sachtleben Hombikat UV100 (1 gL^), PC 500 (1 gL"^), TTP (1 gL^), 
immersion well photoreactor, 125W medium pressure Hg lamp, cont. O2 purging and 
stining, inradiation time= 2h. 
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Fig. 1.10: Comparison of degradation rate for tiie mineralization of diplienamid (4) in the 
presence of different types of Ti02 samples. Experimental conditions: diphenamid 
concentration (0.5 mM), Photocatalyst: Degussa P25 (1 gL'^ ), Sachtleben Hombikat 
UV100 (1 g L'). PC 500 (1g L"'), TTP (1 g f), V = 280 mL, immersion well photoreactor. 
125 W medium pressure Hg Lamp, cont. O2 purging and stirring, in-adiation time = 3 h. 
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"catches" the photons, generating electron-hole pairs. The electron transfer, 
from the rutile conduction band (CB) to electron traps in anatase phase, takes 
place. Recombination is thus inhibited, allowing the hole to move to the surface 
of the particle and react.^^ 
In all following experiments, Hombikat UV100 was used as the 
photocatalyst for the photocatalytic degradation of 1 and Degussa P25 was used 
for the degradation of 2-4 since they showed better activity for the respective 
herbicides. 
1.4.3 pH Effect 
An important parameter in the photocatalytic reactions taking place on the 
particulate surfaces is the pH of the solution, since it dictates the surface charge 
properties of the photocatalyst and size of the aggregates it forms. The 
photocatalytic degradation of all the four herbicides under investigation was 
studied in the pH range between 2 to 11. Figs. 1.11-1.13 show the degradation 
rate for the TOC depletion and decomposition of the herbicide derivatives 1-3, 
respectively, as a function of reaction pH. The degradation rate for the depletion 
in TOC content of the herbicide 4, as a function of reaction pH is shown in Fig. 
1.14. In this study it has been shown that the degradation rate of model 
compounds, 1-3 under investigation is strongly influenced by the reaction pH. 
The efficiency of degradation rate for the TOC depletion and decomposition of 1-
3 has been found to be better at lower pH values, which decreases with the 
increase in reaction pH. In the case of Degussa P25 photocatalyst, the zero point 
of charge (pHzpc) is at pH 6.25. Hence, at pH values below 6.25, the particle 
26 
0.012 
PH 
Fig. 1.11: Influence of pH on the degradation rate for the mineralization and 
decomposition of picloram (1). Experimental conditions: picloram concentration (0.5 
mM), V = 160 mL, Photocatalyst: Hombikat UV100 (1 gL"^), immersion well photoreactor, 
125 W medium pressure Hg lamp, pH (2.8, 5.4, 7 and 9), cont. O2 purging and stlning, 
irradiation time= 50 min. 
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Fig. 1.12: Influence of pH on the degradation rate for the mineralization and 
decomposition of dicamba (2). Experimental conditions: dicamba concentration (0.56 
mM), V = 160 mL, Photocatalyst: Degussa P25 (1 gL"^), immersion well photoreactor, 
125 W medium pressure Hg lamp, pH (2.6, 5.2, 7.3 and 9), cont. O2 purging and stirring, 
in'adiation time= 2h. 
28 
0.012 
pH 
Fig. 1.13: Influence of pH on the degradation rate for the mineralization and 
decomposition of floumeturon (3). Experimental conditions: floumeturon concentration 
(0.34 mM), V = 160 mL, Photocatalyst: Degussa P25 (1 gL'^), immersion well 
photoreactor, 125 W medium pressure Hg lamp, pH (3, 4.2, 7, 9.2 and 11), cont. O2 
purging and stirring, in'adiation time= 2h. 
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Fig. 1.14: Influence of pH on the degradation rate for the mineralization of diphenamid 
(4). Experimental conditions: diphenamid concentration (0.5 mM), Photocatalyst: 
Degussa P25 (1 gL''), pH (3, 6.5 and 9), V =280 mL, immersion well photoreactor, 125 
W medium pressure Hg Lamp, cont. O2 purging and stining, irradiation time = 3 h 
30 
surface is positively charged, while at pH values above 6.25, it is negatively 
charge.^^ 
The reason for the better efficiency of degradation of pollutants 1-3 at 
lovtfer pH values could be rationalized in terms of the fact that the carbonyl group 
present in picloram (1) and dicamba (2), whereas, amino group present in 
floumeturon (3) will be in the protonated and deprotonated form within the pH 
range studied and apparently this structural orientation of the molecule is 
favoured for the attack of reactive species. 
On the other hand, in case of diphenamid (4), the degradation rate for 
depletion in TOC is slightly influenced by the reaction pH, and efficiency was 
more or less same in the pH range studied within the experimental error limits. 
1.4.4 Effect of substrate concentration 
It is important both from mechanistic and application point of view to study 
the dependence of initial substrate concentration in the photocatalytic reaction 
rate. Hence, the effect of substrate concentration on the degradation of herbicide 
derivatives, 1-4 was studied at different concentration in the range between 0.12 
to 1 mM. The degradation rate for the TOC depletion and decomposition of 
herbicide derivatives 1-3, as a function of initial substrate concentration 
containing 1 gL'^  of titanium dioxide is shown in Figs. 1.15-1.17, respectively. 
The degradation rate for depletion in TOC of the herbicide derivative 4, as a 
function of substrate concentration employing Degussa P25 (1 gL'^ ) is shown in 
Fig. 1.18. 
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Fig. 1.15: Influence of substrate concentration on the degradation rate for the 
mineralization and decomposition of picloram (1). Experimental conditions: picloram 
concentration (0.25, 0.5, 0.7, and 1 mM), V = 160 mL, Photocatalyst: Hombikat UV100 
(1 gL'^), immersion well photoreactor, 125 W medium pressure Hg lamp, cont. O2 
purging and stirring, in-adiation time= 50 min. 
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Fig. 1.16: Influence of substrate concentration on tlie degradation rate for tlie mineralization 
and decomposition of dicamba (2). Experimental conditions: dicamba concentration (0.2, 
0.56, and 0.77 mM), V = 160 mL, Photocataiyst: Degussa P25 (1 gL"^ ), immersion well 
photoreactor, 125 W medium pressure Hg lamp, cont. O2 purging and stining, in-adiation 
time= 2h. 
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Fig. 1.17: Influence of substrate concentration on the degradation rate for the 
mineralization and decomposition of floumeturon (3). Experimental conditions: 
floumeturon concentration (0.25, 0.34, and 0.4 mM), V = 160 mL, Photocatalyst: 
Degussa P25 (1 gL"^), immersion well photoreactor, 125 W medium pressure Hg lamp, 
cont. O2 purging and stirring, irradiation time= 2h. 
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Fig. 1.18: Influence of substrate concentration on tfie degradation rate for tlie 
mineralization of diphenamid (4). Experimental conditions: diphenamid Concentration: 
(0.1, 0.25, 0.5 and 0.6 mM), Photocatalyst: Degussa P25 (1 gL"^), V = 280 mL, 
immersion well photoreactor 125 W medium pressure Hg Lamp, cont. O2 purging and 
stining, in^adiation time = 3 h. 
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It could be seen from the Figs, that the rate increases with the increase in 
the substrate concentration from 0.25 to 0.5 mM in case of 1, from 0.2 to 0.56 
mM in case of 2, and a further increase in the substrate concentration led to 
decrease in degradation efficiency. It is interesting to note that the degradation 
rate for the decomposition of herbicide derivative 3 was found to increase 
continuously with the increase in substrate concentration from 0.25 to 0.4 mM, 
whereas, slight decreased efficiency was observed for the mineralization of 
compound at 0.4 mM. The decrease in degradation rate at higher concentrations 
of the herbicide derivatives could be explained on the basis of two reasons. Firstly, 
increase in substrate concentration can led to the generation of high concentration 
of intermediate products, which may adsorb on the surface of the catalyst. 
Hence, a slow diffusion of the intermediate products from the surface of the 
catalyst may be expected which deactivate or block the catalytic sites of the 
photocatalyst and consequently, a reduction in the rate of degradation was 
observed. Secondly, at higher substrate concentration, the increased amount of 
reactant molecules may also occupy and/or block all the active catalytic sites 
present on the surface of the photocatalyst and led to decrease in the degradation 
rate. Many workers have reported similar results earlier.^ "^^ ^ 
On the other hand, in the case of herbicide derivative 4, the degradation 
rate was found to increase continuously with the increase in substrate 
concentration from 0.12 to 0.6 mM solution. The results are encouraging from a 
practical standpoint since there is apparently no inhibition of the photocatalytic 
mineralization even at highest pollutant concentration. As oxidation proceeds, 
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less and less of the surface of the TiOa particle is covered as the pollutant is 
decomposed. Evidently, at total decomposition, the rate of degradation is zero 
and a decreased photocatalytic rate is to be expected with increasing irradiation 
time. It has been agreed, with minor variation, that the expression for the rate of 
photomineralization of organic substrate with irradiated Ti02 follows the 
Langmuir-Hinshelwood (L-H) law for the same saturation type kinetic behavior in 
any of the four possible situations, i.e., a) the reaction takes place between two 
adsorbed substances, b) the reaction occurs between a radical in solution and an 
adsorbed substrate molecule, c) the reaction takes place between a radical 
linked to the surface and a substrate molecule in solution, and d) the reaction 
occurs with both the species being in solution. In all cases expression for the rate 
equation is similar to that derived from the L-H model, which has been useful in 
modeling the process, although it is not possible to find out whether the process 
takes place on the surface, in the solution or at the interface? 
Our results on the effect of the initial concentration on the degradation rate 
of diphenamid (4) are in agreement with assumption of the Langmuir 
Hinshelwood model. 
1.4.5 Effect of catalyst concentration 
The effect of photcatalyst concentration on the degradation kinetics of 
herbicides, 1-4 was investigated using different concentrations of Hombikat UV 
100 (1) and Degussa P25 (2-4). The degradation rate for the TOG depletion and 
for the decomposition of herbicide derivatives 1-3, as a function of catalyst 
loading is shown in Figs. 1.19-1.21, respectively. The degradation rate for 
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depletion in TOC of the herbicide derivative 4 in the presence of different catalyst 
concentration is shown in Fig. 1.22. 
As expected, the degradation rate of the herbicides was found to increase 
with the increase in catalyst concentration, which is the characteristic of 
heterogeneous photocatalysis. 
Whether in static, slurry, or dynamic flow reactors, the initial reaction rates 
were found to be directly proportional to catalyst concentration, indicating a 
heterogeneous regime. However, it was observed that above a certain 
concentration, the reaction rate decreases and becomes independent of the 
catalyst concentration. This limit depends on the geometry and working 
conditions of the photoreactor and for a definite amount of TiOa in which all the 
particles, i.e., surface exposed, are totally illuminated. When the catalyst 
concentration is very high, after traveling a certain distance on an optical path, 
turbidity impedes further penetration of light in the reactor. In any given 
application, this optimum catalyst concentration [(Ti02)opT] has to be found, in 
order to avoid excess catalyst and insure total absorption of efficient photons. 
Our results on the effect of catalyst concentration on the degradation rate 
for the TOC depletion and decomposition of 1-4 as shown in Figs. 1.19-1.22 are 
in agreement with numerous studies reported in the literature.'*^"^^ 
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Fig. 1.19: Influence of catalyst concentration on the degradation rate for the 
mineralization and decomposition of picloram (1) Experimental conditions: picloram 
concentration (0.5 mM), V = 160 mL, Photocatalyst: Hombikat UV100 (0.2, 0.5, 1 and 2 
gL"^), immersion well photoreactor, 125W medium pressure Hg lamp, cont. O2 purging 
and stin-ing, irradiation time= 50 min. 
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Fig. 1.20: Influence of catalyst concentration on the degradation rate for the mineralization 
and decomposition of dicamba (2) Experimental conditions: dicamba concentration (0.56 
mM). V = 160 mL, Photocatalyst: Degussa P25 (0.5, 1, 2 and 3 gL"^ ), immersion well 
photoreactor, 125W medium pressure Hg lamp, cont. O2 purging and stirring, in*adiation 
time= 2h. 
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Fig, 1.21: Influence of catalyst concentration on the degradation rate for the 
mineralization and decomposition of floumeturon (3) Experimental conditions: 
floumeturon concentration (0.34 mM), V = 160 mL, Photocatalyst: Degussa P25 (0.5, 1, 
2 and 3 gL"^), immersion well photoreactor, 125W medium pressure Hg lamp, cont. O2 
purging and stimng, in^adiation time= 2h. 
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Fig. 1.22: Influence of catalyst concentration on the degradation rate for the mineralization 
of diphenamid (4). Experimental conditions: diphenamid concentration (0.5 mM), 
Photocatalyst: Degussa P25 (0.5, 1, 2, and 5 gL'^), V = 280 mL, immersion well 
photoreactor, 125 W medium pressure Hg Lamp, cont. O2 purging and stimng, in-adiation 
time = 3 h. 
1.4.6 Effect of electron acceptors 
One practical problem in using TiOa as a photcatalyst is the undesired 
electron / hole recombination, which, in the absence of proper electron acceptor 
or donor, is extremely efficient and thus represent the major energy-wasting step 
thereby limiting the achievable quantum yield. One strategy to inhibit electron-
hole pair recombination is to add other (irreversible) electron acceptors to the 
reaction. They could have several different effects such as, i.e., 1) to increase the 
number of trapped electrons and, consequently, avoid recombination, 2) to 
generate more radicals and other oxidizing species, 3) to increase the oxidation 
rate of intermediate compounds and 4) to avoid problems caused by low oxygen 
concentration. It is pertinent to mention here that in highly toxic wastewater 
where the degradation of organic pollutants is the major concern, the addition of 
additives to enhance the degradation rate may often be justified. In this 
connection, we have studied the effect of electron acceptors such as hydrogen 
peroxide, bromate and persulphate ions on the photocatalytic degradation of all 
the model compounds under investigation. The degradation rate for the TOC 
depletion and decomposition of the herbicide derivatives, 1-3 in the presence of 
different electron acceptors are shown in Figs. 1.23-1.25, respectively. Fig 1.26 
shows the depletion in TOC as a function of time for the irradiation of an aqueous 
solution of diphenamid (4) in the presence of different electron acceptors. 
Hydrogen peroxide, bromate and persulphate ions are known to generate 
reactive species according to the following equations 6-10; 
H2O2 +e"cB->OH' + 0 H " [6] 
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BrOa'+ 2H* + e"cB ^ Br02' + H2O [7] 
BrOs" + 6H* + 6 e~cB ^  [BrOa", HOBr] ^ Br" + 3H2O [8] 
8203^" + e~cB -> S04^" + SO4*" [9] 
S04*" + H2O ^ S04^~ + OH* + H* [10] 
The respective one-electron reduction potentials of different species are: E 
(02/02") = -155mV, E (H202/HO*) = 800mV, E (BrOa" /Br02*) = 1150 mV, and E 
(8208^' /804*~) = 1100 mV.^° From the thermodynamic point of view all employed 
additives should therefore be more efficient electron acceptors than molecular 
oxygen. In case of picloram (1) addition of electron acceptors such as potassium 
bromate markedly enhanced the degradation rate, whereas, in the case of 
dicamba (2), hydrogen peroxide was found to be more efficient electron acceptor. 
In contrast, in the case of floumeturon (3) additions of electron acceptors such as 
hydrogen peroxide and bromate ion moderately enhanced the degradation rate. 
On the other hand, all the additives showed a beneficial effect on the degradation 
of diphenamid (4). 
The effective electron acceptor ability of KBrOa has been observed in a 
number of studies reported before.^'^^'^^ The reason can be attributed to the 
number of electrons it reacts as shown in eq. 8. Another possible explanation 
might be a change in reaction mechanism of the photocatalytic degradation. Since 
the reduction of bromate ions by electrons does not lead directly to the formation of 
hydroxyl radicals, but rather to the formation of other reactive radicals or oxidizing 
agents eg. Br02 and HOBr. Furthermore, bromate ions by themselves can act as 
oxidizing agents. Lindner has proposed a mechanism for the photocatalytic 
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Fig. 1.23: Comparison of degradation rate for the mineralization and decomposition of 
picloram (1) in the presence of different electron acceptors. Experimental conditions: 
picloram concentration (0.5 mM), V = 160 mL, Photocatalyst: Hombikat UV100 (1 gL'^ ), 
Electron Acceptors: KBrOa (3 mM), (NH4)2S208 (3 mM) and H2O2 (10 mM), immersion 
well photoreactor, 125 W medium pressure Hg lamp, cont. O2 purging and stirring, 
irradiation time= 50 min. 
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Fig. 1.24: Comparison of degradation rate for the mineralization and decomposition of 
dicamba (2) in the presence of different electron acceptors. Experimental conditions: 
dicamba concentration (0.56 mM), V = 160 mL, Photocatalyst: Degussa P25 (1 gL"^ ), 
Electron Acceptors: (NH4)2S208 (3 mM) and H2O2 (10 mM), immersion well 
photoreactor, 125 W medium pressure Hg lamp, cont. O2 purging and stirring, 
irradiation time= 2h. 
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Fig. 1.25: Comparison of degradation rate for the mineralization and decomposition of 
floumeturon (3) in the presence of different electron acceptors. Experimental conditions: 
floumeturon concentration (0.34 mM), V = 160 mL, Photocatalyst: Degussa P25 (1 gL"^ ), 
Electron Acceptors: KBr03(3 mM) and H2O2 (10 mM), immersion well photoreactor, 125 
W medium pressure Hg lamp, cont. O2 purging and stining, irradiation time= 2h. 
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Fig. 1.26: Depletion in TOC as a function of time for the irradiation of an aqueous 
solution of diphenamid (4) in the presence of different electron acceptors. Experimental 
conditions: diphenamid concentration (0.8 mM), Photocatalyst: Degussa P25 (1 gL'^ ), 
Electron Acceptors: H2O2 (10 mM), KBrOg (3 mM). (NH4)2S208 ( 3 mM), V = 280 mL, 
immersion well photoreactor 125 W medium pressure Hg Lamp, cont. O2 purging and 
stirring, irradiation time = 3 h. 
48 
degradation of 4-Chlorophenol in the presence of bromate ions considering direct 
oxidation of the substrate by bromate ions.^^ A similar mechanism might be 
operative in the case of model compound 1 under investigation. 
The effect of H2O2 has been investigated in numerous studies and it was 
observed that It increases the photodegradation rates of organic pollutants.^^'^ 
The enhacement of degradation rate on the addition of H2O2 can be rationalized 
in temns of several reasons. Firstly, It increases the rate by removing the surface-
trapped electrons, thereby lowering the electron-hole recombination rate and 
increasing the efficiency of hole utilization for reactions such as (0H"+ h* -^ OH). 
Secondly, H2O2 may split photocatalytically to produce OH radicals directly, as 
cited in studies of homogeneous photooxidatlon using UV/(H202 + 02).^^ Thirdly, 
the solution phase at times be oxygen starved, because of either oxygen 
consumption or slow oxygen mass transfer, and peroxide addition thereby 
increase the rate towards what it would have been had an adequate oxygen 
supply been provided. 
During the photocatalytic degradation the free radical formed serve a dual 
function. They are not only the strong oxidants but also at the same time their 
formation and subsequent rapid oxidation reactions inhibit the electron-hole pair 
recombination. 
Blank experiments were carried out by irradiating the aqueous solution of 
the herbicides containing different additives in the absence of the Ti02. Analysis 
of the sample showed no observable loss of the compound in the presence of 
these additives. 
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1.4.7 Photocatalysis of Ti02 suspension containing diphenamid under 
sunlight 
For practical application of wastewater treatment based on these 
processes, the utilization of sunlight would be preferred. Aqueous suspensions of 
Ti02 containing diphenamid were exposed to solar radiation. The degradation 
rate for TOC depletion of diphenamid under sunlight and artificial UV-light source 
is shown in Fig. 1.27 in the presence of two commercially available Ti02 powders 
namely Degussa P25 and Sachtleben Hombikat UV100. It was observed that the 
degradation of the model compound proceeds much more rapidly in the 
presence of an artificial light source and also that P25 is a better photocatalyst 
both under artificial UV-light and sunlight source. 
1.4.8 Intermediate Products 
An attempt was made to identify the intermediate products fonned during 
the photocatalytic degradation of herbicide derivatives, 1-4 in aqueous 
suspensions of titanium dioxide through GC/MS analysis technique. 
An aqueous suspension of picloram (1, 0.5 mM) was irradiated with a 125 
W medium-pressure mercury lamp in the presence of Hombikat UV100 (1 gL"^ ) 
under constant bubbling of oxygen for 50 min. The catalyst was removed by 
filtration and the solution was extracted with methylene chloride, which was dried 
over anhydrous sodium sulphate. The removal of the solvent under reduced 
pressure gave a residual mass, which was analysed by GC/MS analysis. 
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Fig. 1.27:. Comparison of degradation rate for the mineralization of diphenamid (4) in 
the presence of two different photocatalysts under UV-light and sunlight source. 
Experimental conditions: diphenamid concentration (0.5 mM), Photocatalyst; Degussa 
P25 (1 gL') and Sachtlet)en Hombikat UV100 (1 gL"^ ), V = 280 mL, Artificial UV-light 
(125 W medium pressure Hg lamp), Sunlight (stirring the solution in a round bottom flask 
on a flat platform on a sunny day), cont. O2 Purging and stirring, irradiation time = 3 h. 
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The GC/MS analysis showed the formation of several products of which 
three products, appearing at retention times (tp) 7.84, 7.97, and 11.44 could be 
assigned to 2,3,5-trichloro-pyridin-4-ylamine (9), 3,5,6-trichloro-pyridine-2-
carboxylic acid (10) and 4-amino-dichloro-hydroxypicolinlc acid (8), based on 
their molecular ion and mass spectrometric fragmentation pattern, which are 
indicated below; 
Compound 8: 223 (M*), 208.193,178,167.149,132,121,104, 93, 77, 57 and 50. 
Compound 9:196 (M*), 171, 161, 143,134,126.107. 99. 86. 73, 64, 60, and 47. 
Compound 10: 226 (M*). 183,157, 140.126, 113, 99, 85. 71. 57 and 50. 
The formation of Intermediate products such as 8, 9 and 10 from picloram 
(1) involving electron transfer reactions and reaction with hydroxy! radicals and 
superoxide radical anions formed in the photocatalytic system is proposed in 
Scheme 1.1. The model compound 1 upon the transfer of an electron can form 
the radical anion 5. which may undergo addition of a hydroxyl radical to give 
species 6, which upon loss of (-H2CO3) followed by the addition of a proton can 
led to the observed product 9. Similarly, the model compound 1 upon transfer of 
an electron can give the radical anion 7, which may undergo loss of a chloride 
ion followed by the addition of a hydroxyl radical to give the observed product 8. 
Since the actual position of the attack of hydroxyl radical and the loss of chloride 
ion is not known the structure of 8 is represented in this form. The radical anion, 
species 7, may undergo loss of (-NH3) followed by the addition of a proton to give 
the observed product 10. 
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Irradiation of an aqueous suspension of dicamba (2, 0.56 mM) in the 
presence of Degussa P25 (1 gL"^ ) for 2 h and work up of the reaction mixture 
under analogous conditions followed by GC/MS analysis of the irradiated mixture 
showed the formation of six products appearing at retention times (tp) 9.09, 
10.56, 10.69, 11.37, 12.91 and 13.65 min. They could be assigned to 3,6-
dichloro-2-methoxyphenol (12), 3,6-dichlorosalicylic acid (14), Chloro-hydroxy 
derivative (15), dichlorodihydroxy benzoic acid (18), hydroxy added product (13) 
and dihydoxy added product (16) based on their molecular ion and mass 
spectrometric fragmentation pattern, which are indicated below; 
Compound 12:192 (M*), 177,157,149,128,113, 97, 85, 73, 53,49, 29 and 15. 
Compound 13: 239 (M^, 220, 203, 190, 173, 160, 141, 125, 113, 97, 71, 57, 43, 
29 and 15. 
Compound 14: 207 (M^, 191, 175. 163, 147, 128, 115. 107, 91. 74, 57, 41. 29. 
and 15. 
Compound 15: 203 (M*). 188.173,160.145.125,111, 97, 75, 62, 45, 29, and 15. 
Compound 16: 255 (M^). 229. 211, 197, 169. 155. 141. 113. 99, 85. 71, 57, 29 
and 15. 
Compound 18: 224 (M*). 200. 188. 168. 185, 154, 140, 125, 111, 97. 83, 57, 43, 
29 and 15. 
A plausible mechanism for the formation of these products involving 
electron transfer reactions and reaction with hydroxyl radicals and superoxide 
radical anions formed in the photocatalytic system is proposed in Scheme 1.2. 
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The model compound 2 upon the transfer of an electron can form the 
radical anion 11, which may undergo loss of either carboxyl group (-COOH) or 
methoxy group (-OCH3) to give 3,6-dichloro-2-methoxyphenol (12) and 3,6-
dichlorosalicylic acid (14) respectively. The radical anion 11 may also undergo 
loss of a chloride ion followed by the addition of a hydroxyl radical to give the 
observed product 15. Further, the product 14, upon addition of an electron can 
led to the radical anion 17, which may undergo loss of a proton followed by 
addition of a hydroxyl radical to give product 18. The radical anion 11 upon the 
addition of a hydroxyl radical followed by the loss of a proton to give the observed 
hydroxy added product 13, which may in turn undergo similar subsequent reaction 
leading to the formation of the observed dihydroxy added product 16. 
Irradiation of an aqueous suspension of floumeturon (3, 0.34 mM) in the 
presence of Degussa P25 (1 gL"^ ) for 2 h under analogous condition and work up 
of the reaction mixture in usual manner gave a residual mass. The GC/MS 
analysis of the irradiated residue showed the formation of several byproducts. A 
probable degradation pathway for the photocatalytic reaction of floumeturon (3) 
in aqueous suspension of TiOa is shown in Scheme 1.3. 
An aqueous suspension of the diphenamid (4, 0.5 mM) containing Ti02 
Degussa P25, (1 gL"^ ) was taken in a photochemical reactor made of Duran 
glass and irradiated with a high pressure mercury lamp (Osram HBO 500 W). 
Sample (20 mL) were collected at different time intervals during the irradiation, 
centrifuged and extracted with methylene chloride, which was subsequently dried 
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over anhydrous sodium sulphate and analyzed by GC/MS. The analysis of the 
irradiated mixture showed the formation of five products 30, 32, 26, 34 and 28 
appearing at retention times (tR) 17.42, 27.94, 28.63, 35.89 and 36.10 min, 
respectively. The products were identified by comparing the molecular ion and 
mass spectrometric fragmentation pattern with those reported in the GC/MS 
library, as indicated below; 
Compound 26: 212 (M*), 209,194,168,167,152,139,115, 89, 82, 63, 51 and 39. 
Compound 28: 228 (M*^), 211, 183, 181, 165, 152, 139, 115, 105, 91, 77, 63, 51 
and 45. 
Compound 30:150 (M*), 122, 105, 84, 77, 62 and 51. 
Compound 32: 225 (M^), 167,152, 139,115, 101, 91, 82, 58, 51 and 39. 
Compound 34:255 (M*), 237,223,207,183,165,152,127,109, 89, 72, 57 and 40. 
The formation of these products could be understood in tenns of the 
pathways shown in Scheme 1.4 and 1.5, involving electron transfer reactions and 
reactions with hydroxyl radicals. The model compound 4 upon the addition of a 
hydroxyl radical can form the radical species 25, which may undergo loss of 
dimethylamine to give the observed product a-phenylbenzeneacetic acid (26). 
The product, 2,2-diphenyl-2-hydroxyacetic acid (28) could be formed by the 
abstraction of a-H by hydroxyl or superoxide radical anion followed by addition of 
a hydroxyl radical. This product may lead to the formation of benzoyl formic acid 
(30) by the abstraction of hydroxyl hydrogen atom followed by loss of phenyl 
group as shown in Scheme 1.4. The formation of photoproducts such as 
nordiphenamid (32) and N,N-dimethyl-a-hydroxyphenylbenzene acetamide (34) 
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could similarly be understood in terms of the pathways shown in Scheme 1.5. 
The model compound 4 upon the transfer of an electron can form the radical 
cation 31, which may undergo loss of a methyl radical followed by addition of a 
proton to give the observed product nordiphenamid (32). The formation of N,N-
dimethyl-a-hydroxyphenylbenzene acetamide (34) might be understood In terms 
of the pathway shown in the Scheme 1.5 through a-H abstraction followed by 
hydroxyl radical addition. 
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Chapter 2 
SEMICONDUCTOR MEDIATED PHOTOCATALYSED DEGRADATION 
OF THREE SELECTED INSECTICIDE DERIVATIVES, 
PHOSPHAMIDON, DiCHLORVOS AND ACEPHATE IN AQUEOUS 
SUSPENSIONS^ 
2.1 Abstract 
The pholocatalysed degradation of three selected insecticide derivatives 
such as phosphamidon (1) dichlorvos (2) and acephate (3) has been investigated 
in aqueous suspensions of titanium dioxide under a variety of conditions. The 
degradation was investigated by monitoring the change in substrate concentration 
employing UV-Spectroscopic analysis technique and depletion in Total Organic 
Carbon (TOC) content as a function of irradiation time. The degradation kinetics 
were studied under different conditions such as pH, catalyst concentration, 
substrate concentration, different types of TiOa and in the presence of electron 
acceptors such as hydrogen peroxide (H2O2) and potassium bromate (KBrOa) 
besides molecular oxygen. The degradation rates were found to be strongly 
influenced by all the above parameters. The photocatalyst TiOa, Degussa P25 
was found to be more efficient for the degradation of all three insecticides under 
investigation as compared with other Ti02 powders. An attempt has also been 
made to identify the intermediate products formed during the photo-oxidation 
process through GC/MS analysis technique and probable pathway for the 
formation of different products has been proposed. 
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2.2 Introduction 
Another class of pesticide, which is used extensively in the agriculture 
field, is the organophosphates, which constitute an important class of 
insecticides. They have a wide range of pest control applications such as 
contact, systemic and fumigant insecticides and are effective in the control of 
aphids and similar soft-bodied small insects. It generally acts by inhibiting 
important enzymes of the nervous system such as acetyl cholinesterase, which is 
necessary for control of nerve transmission. 
Organophosphorus insecticides are all derived from phosphoric acid and 
have the following general structure. 
RO, O orS 
X 
RO X 
The two R groups are usually methyl or ethyl and are the same in any one 
molecule, while X Is frequently a rather complex aliphatic, homocyclic or 
heterocyclic group often referred to as the leaving group. Sometimes the leaving 
group is such that a carbon atom in it is joined directly to the phosphorus atom 
but more often it is joined via an ester or thioester linkage, namely P-O-X or P-S-X. 
By the late 1970s, the use of organophosphorus compounds began to 
over-take organochlorine compounds, which included DDT. Today 
organophosphorus compounds are one of the most widely used groups of 
insecticide in the world. While organochlorines were relatively safe to use, their 
problem was persistence in the environment and detection in the human food 
chain. Organophosphorus compounds, on the other hand are more acutely toxic 
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(active ingredients within the group possess varying degrees of toxicity) and 
usually exhibit moderate persistence in the environment. 
The insecticide derivative phosphamidon (1) is a systemic 
organophosphorus compound with a broad spectrum of activity, which is mainly 
used to control sucking insects, stemborers in rice and sugar cane, rice leaf 
beatles and aphids in various crops. The technical product is very highly toxic to 
mammals and is listed in WHO Hazard Class la (extremely toxic). Phosphamidon 
may be readily absorbed from the gastrointestinal tract, through the skin and by 
inhalation of spray mists and dusts. The toxicological effects may include 
headache, dizziness, weakness, muscles twitching, tremor, nausea, abdominal 
cramps, diarrhea, sweating, vomiting, blurred vision, confusion and tightness in 
the chest etc.^'' 
Dichorvos (2) is the main practical example of an organophosphorus 
compound, which is used as an agricultural insecticide on crops, stored products 
and animals.^ The vapour pressure of dichlorvos is sufficiently high 0.012 mm Hg 
at 20 °C (10-1000 times higher than most other group members) which enable it 
to act in vapour phase. '^^  It also acts as a fumigant for slow release on pest-strips 
for pest control in homes.^ Small amounts of residues of dichlorvos have been 
detected in food.^ Paralysis and respiratory failure are severe reactions that may 
occur in humans by any route of exposure to dichlorvos.^'^'^ EPA has classified 
dichlorvos as a Group B2, probable human carcinogen.^ 
Acephate (3) is another important member of organophosphorous 
insecticide with a broard-spectrum of activity, which is widely used on a variety of 
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field, fruit and vegetable crops (e.g., cotton, tobacco, cranberries, mint, etc.). It is 
effective against a wide range of chewing and sucking insects, particularly insects 
with protective coverings such as scale and mealybug. It has contact and 
systemic action. Acephate is easily moved by water in soil. It remains unchanged 
in the soil for varying length of time, depending on soil properties and 
environmental conditions. The half-life in the soil can range from 1.5 to 13 days. 
Acephate Is highly toxic to honey bees, beneficial predatory Insects, birds and 
mammals on an acute contact basis. It has been classified by the Environmental 
Protection Agency as a possible human carcinogen. It can cause cholinesterase 
inhibition in human, that is, it can over stimulate the nervous system causing 
nausea, dizziness, confusion and at very high exposures respiratory paralysis.^°'^ '* 
The photocatalysed degradation of phosphamidon (1) under UV light 
irradiation and sunlight using ZnO and Ti02 has been reported earlier.^^ Few 
studies related to the photocatalytic degradation of dichlorvos (2) has been 
reported earlier.^^"^° For example, M. C. Lu et. al has reported the photocatalytic 
mineralization of this model compound in aqueous suspension of TiOa at different 
pH of the reaction mixture.^ '^^ ^ The photo-oxidative degradation of dichlorvos (2) 
by a combined semiconductors and organic sensitizers in aqueous media has 
also been reported by S. A. Naman et al.^^ Z. Mengyue and coworkers^^ have 
studied the photocatalytic degradation of dichlorvos using thin films of Ti02. A 
study on the photodegradation of dichlorvos (2) in water using Ti02 and ZnO as 
catalysts has already been reported earlier by E. Evgenidou et al.^° 
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Inspite of all these studies no major efforts have been made to investigate 
the detailed degradation kinetics of these systems. With this view, we have 
undertaken a detailed study on the photodegradation of phosphamidon (1), 
dichlorvos (2) and acephate (3) (Chart 2.1) sensitized by Ti02 in aqueous solution 
under a variety of conditions such as pH, catalyst concentration, substrate 
concentration, different types of Ti02 and in the presence of electron acceptors 
such as hydrogen peroxide and potassium bromate besides molecular oxygen. 
CHaO^ I II C2H5 
^P-0-C=C-C-N^ 
CH3O Ql C2H5 
Phosphamidon 
2-chloro-2-diethylcarbamoyl-1-methylvinyl dimethyl phosphate 
C10H19CINO5P 
1 
CH3O II I CI 
p-o-c=c:" 
CHgO^ CI 
Dichlorvos 
2,2-dichlorovinyl dimethyl phosphate 
C4H7CI2O4P 
CH3Q 
CH3S' 
o o 
J II 
P-NH-C-CH, 
Acephate 
Acetylphosphoramidothioic acid 0,S-dimethyl ester 
C4H10NO3PS 
Chart 2.1: Chemical structure, Common name, Chemical name and 
Chemical formula. 
/O 
2.3 Experimental 
2.3.1 Reagent and chemicals 
Phosphamidon (1) was obtained from Novartis Ltd., Bombay, India 
whereas dichlorvos (2) was obtained from United Phosphorous Ltd., Bombay, 
India. The insecticide derivative, acephate (3) was obtained from Northern 
Minerals Ltd., Haryana, India. All the compounds were used as such without any 
further purification. The water employed in all the experiments was double 
distilled. The photocatalyst, titanium dioxide Degussa P25 (Degussa AG)^ ^ was 
used in most of the experiments, whereas other catalyst powders, namely, 
Hombikat UV100 (Sachtleben Chemie GmbHp and PC500 (Millennium 
Inorganics)^^ were used for comparative studies. The other chemicals used in 
this study such as NaOH, HNO3, H2O2 and KBrOa were obtained from Merck. 
2.3.2 Procedure 
Aqueous solutions of insecticide with desired concentration were prepared 
in double distilled water. An immersion well photochemical reactor made of 
"Pyrex" glass equipped with a magnetic stirring bar, a water circulating jacket and 
an opening for supply of molecular oxygen was used. For irradiation 
experiments, aqueous solution of insecticide derivatives, 1-3 was taken into the 
photoreactor and required amount of photocatalyst was added. The solution was 
stirred and bubbled with molecular oxygen for at least 15 minutes in the dark to 
allow equilibration of the system so that the loss of compound due to adsorption 
can be taken into account. The pH of the reaction mixture was adjusted by 
adding a dilute aqueous solution of HNO3 or NaOH. The suspensions were 
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continuously purged with molecular oxygen throughout each experiment. 
Irradiations were carried out using a 125 W medium pressure mercury lamp 
(Philips). IR and short wavelength UV radiations were eliminated by a water 
circulating "Pyrex" glass jacket. Samples (10 mL) were collected before and at 
regular intervals during the irradiation and analysed after centrifugation. 
2.3.3 Analysis 
The degradation of the insecticide derivatives 1 and 2 was followed by 
measuring the decrease in absorption intensity at their Xmax as a function of 
irradiation time using Shimadzu UV-Vis Spectrophotometer (Model 1601). The 
mineralization of insecticide derivative 3 was monitored by measuring the 
depletion in Total Organic Carbon (TOC) content as a function of irradiation time 
using Schimadzu 5000 A TOC Analyzer.^^ 
2.3.4. Characterization of intermediate products 
For the characterization of intermediate products, aqueous solutions (250 
mL) of the compound containing Ti02 (Degussa P25, 1 gL"') were taken in the 
immersion well photochemical reactor made of "Pyrex" glass. The mixture was 
irradiated with a 125 W medium pressure mercury lamp (Philips) for a required 
period of time. The photocatalyst was removed through filtration and the filtrate 
was extracted with chloroform, which was subsequently dried over anhydrous 
sodium sulphate. The solvent was removed under reduced pressure to give a 
residual mass, which was analyzed by GC/MS analysis technique. For GC/MS 
analysis a Hewlett Packard Gas chromatograph and mass spectrometer 
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(G1800A) equipped with a 30 m HP-1 (d = 0.25 mm) capillary column, operating 
temperature programmed (injection temperature 100 °C which is raised to 250 °C 
at the rate of 10 °C min'^ which is further raised to 280 °C at the rate of 30 °C 
min'^ ) in splittless mode injection volume 0.5 [iL with helium as a carrier gas was 
used. 
2.4 Results and Discussion 
2.4.1 Photocatalysis of aqueous suspension of insecticide derivatives (1-
3) in the presence of TiOj 
Irradiation of an aqueous suspension of the insecticide derivatives, 1-3 in the 
presence of photocatalyst (Ti02, Degussa P25, 1 gL'^) by the "Pyrex" filtered 
output of a 125 W medium pressure mercury lamp under oxygen atmosphere led 
to decrease in absorption intensity and depletion in TOC content as a function of 
irradiation time. Figs. 2.1 and 2.2 show the change in absorption intensity as a 
function of time in the presence and absence of photocatalyst for irradiation of an 
aqueous suspension of phosphamidon (1) and dichlorvos (2), respectively. Fig. 
2.3 shows the depletion in TOC content as a function of time for irradiation of an 
aqueous suspension of acephate (3) in the presence and absence of 
photocatalyst. It could be seen from the Figs, that no observable loss of the 
compound takes place when the irradiation was carried out in absence of 
photocatalyst. The degradation curves for model compounds 1 and 2 except for 
3 can be fitted reasonably well by an exponential decay curve suggesting first 
order kinetics. For convenience the degradation of model compound 3 was also 
considered as first order degradation kinetics. 
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1.1 
0.4 
- • - Phosphamidon / With P2S 
-O— Phosphamidon / Without P25 
15 30 45 60 75 90 105 120 135 150 
Irradiation Time (min) 
Fig. 2.1: Change in absorption intensity as a function of time for irradiation of an 
aqueous solution of phosphamidon (1) in the presence and absence of photocatalyst. 
Experimental conditions: phosphamidon concentration (0.25 mM), V = 250 mL, 
Photocatalyst: Degussa P25 (1 gL" )^, absorption intensity was followed at 198 nm after 
60% dilution, immersion well photoreactor, 125 W medium pressure Hg lamp, cont. O2 
purging and stirring, irradiation time = 2.5 hr. 
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1.2 
0.2 
0.0 
Dichlorvos / With P25 
Dichlorvos / Without P25 
10 
—I 1 1 1 1 1 1 
20 30 40 50 60 70 80 90 
Irradiation Time (min) 
Fig. 2.2: Change in absorption intensity as a function of time for irradiation of an 
aqueous solution of dichlorvos (2) in the presence and absence of photocatalyst. 
Experimental conditions: dichlorvos concentration (0.5 mM), V = 250 mL, Photocatalyst: 
Degussa P25 (1 gL'^), absorption intensity was followed at 210 nm, immersion well 
photoreactor, 125 W medium pressure Hg lamp, cont. O2 purging and stirring, irradiation 
time = 80 min. 
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06 
Acephate / With P25 
Acephate / Without P25 
30 60 90 120 
Irradiation Time (min) 
150 
Fig. 2.3: Depletion in TOC as a function of time for irradiation of an aqueous solution of 
acephate (3) in the presence and absence of photocatalyst. Experimental conditions: 
acephate concentration (1 mM), V = 160 mL, Photocatalyst: Degussa P25 (1 gL"^), 
immersion well photoreactor, 125 W medium pressure Hg lamp, cont. O2 purging and 
stirring, irradiation time = 2.5 hr. 
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For each experiment, the degradation rate of the insecticides was 
calculated from the initial slope obtained by linear regression from a plot of the 
natural logarithm of the absorbance and TOC of the insecticide derivatives as a 
function of irradiation time, i.e. first order degradation kinetics. The resulting first 
order rate constant has been used in all the subsequent plots to calculate the 
degradation rate for decomposition and mineralization of the compounds using 
formula given below, 
-d[A]/dt = kc" [1] 
-dfTOC]/ dt = kc" [2] 
A = Absorbance, TOC = Total Organic Carbon, k = rate constant, c= 
concentration of the pollutant, n = order of reaction. 
The degradation rate was calculated in terms of mole L'^  min"\ 
Control experiments were carried out in all cases employing unirradiated 
blank solutions The zero irradiation time reading was obtained from blank 
solutions kept in the dark, but otherwise treated similarly to the irradiated 
solutions. 
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2.4.2. Comparison of different photocatalysts 
The photocatalytic activity of three different commercially available TiOz 
powders (namely Degussa P25, Hombikat UV100 and Millennium Inorganic 
PC500) was tested on the degradation kinetics of insecticides under 
investigation. The degradation rate for the decomposition of phosphamidon (1) 
and dichlorvos (2) in the presence of different types of Ti02 powders is shown in 
Fig. 2.4 and 2.5, respectively. Fig. 2.6 shows the degradation rate for the TOC 
depletion of acephate (3) in the presence of different types of Ti02 powders. It 
has been observed that the degradation of all the insecticide derivatives proceed 
much more rapidly in the presence of Degussa P25 as compared with other Ti02 
powders. The efficiency of different Ti02 powder was found to be in the order 
P25 > UV100 > PC500. The reason for the better photocatalytic activity of mixed 
phase titania photocatalyst Degussa P25 could be attributed on the basis that 1) 
the smaller band gap of rutile extends the usual range of photoactivity into the 
visible region, 2) the stabilization of charge separation by electron transfer from 
rutile to anatase slows the recombination, 3) the small size of the rutile 
crystallites facilitates the electron transfer.^ "* 
In all the following experiments, Degussa P25 was used as photocatalyst 
since this material exhibited the highest overall activity for the degradation of 
model compounds under investigation. 
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Fig. 2.6: Comparison of degradation rate for the mineralization of acephate (3) in the 
presence of different photocatalysts. Experimental conditions: acephate concentration (1 
mM), V = 160 mL. Photocatalysts: Degussa P25 (1 gL"^), Hombikat UV100 (1 gL^) and 
PC500 (1 gL""), irradiation time = 2.5 hr. 
81 
2.4.3 pH Effect 
The photodegradation of the insecticide derivatives, phosphamidon (1), 
dichlorvos (2) and acephate (3) was investigated at different pH values, which is 
one of the most important parameters in heterogeneous photocatalysis, since it 
influences the surface charge properties of the photocatalyst and therefore the 
adsorption behavior of the pollutants.^ '^^ ^ 
Employing Degussa P25 as photocatalyst, the decomposition and 
mineralization of the insecticide derivatives in aqueous suspension of Ti02 was 
studied under varying pH values. The degradation rate for the decomposition of 1 
and 2 as a function of reaction pH is shown in Fig. 2.7 and 2.8, respectively. Fig. 
2.9 shows the degradation rate for the TOC depletion of 3 as a function of 
reaction pH. In this study, it has been shown that the degradation rate for the 
decomposition and TOC depletion of the insecticide derivatives 2 and 3 is highly 
influenced by the reaction pH except for the insecticide derivative 1. In the case 
of 1, the rate was found to be more or less same within the experimental error 
limit in the pH range studied. On the other hand, it is interesting to note that the 
model compound 2 and 3 degrades faster at lower pH values, which decreases 
with the increase in reaction pH. Similar results of the effect of reaction pH on the 
degradation of dichlorvos (2) has been reported earlier by M. C. Lu et al."*^ '^ ^ 
The interpretation of pH effect on the photocatalytic process is very 
difficult because of its multiple roles such as electrostatic interactions between 
the semiconductor surface, solvent molecules, substrate and charged radicals 
82 
I 
T 
I 
B 
es 
611 
0 0016 -
0 0014 -
0 0012 
0 0010 
0.0008 
0 0006 -
0.0004 -
0.0002 
0.0000 
pH 
Fig. 2.7: Influence of pH on the degradation rate for the decomposition of phosphamidon 
(1). Experimental conditions: phosphamidon concentration (0.25 mM), V = 250 mL, 
Photocatalyst: Degussa P25 (1 gL'^), reaction pH (3.7, 5.7, and 7.5), The reaction was 
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Fig. 2.8: Influence of pH on the degradation rate for the decomposition of dichorvos (2). 
Experimental conditions: dichorvos concentration (0.5 mM), V = 250 mL, Photocatalyst: 
Degussa P25 (1 gL"^), reaction pH (4.4, 7, and 9), The reaction was followed by 
measuring the change in absorption intensity at 210 nm as a function of time, inradiation 
time = 80 min. 
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Fig. 2.9: Influence of pH on the degradation rate for the mineralization of acephate (3). 
Experimental conditions: acephate concentration (1 mM), V = 160 mL, Photocatalyst: 
Degussa P25 (1 gL"^), reaction pH (3, 4.3, 7, and 9), irradiation time = 2.5 hr. 
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formed during the reaction process. The ionization state of the surface of the 
photocatalyst can be protonated and deprotonated under acidic and alkaline 
conditions respectively, as shown in following equations, 
TiOH + H* ^ TiOHz" [3] 
TiOH + OH" ^  TiO" + H2O [4] 
The point of zero charge (pzc) of the TIO2 (Degussa P25) is widely reported at 
pH ~ 6.25." Thus, the Ti02 surface will remain positively charged In acidic 
medium (pH < 6.25) and negatively charged in alkaline medium (pH > 6.25). 
The better efficiency of degradation of compounds at lower pH values 
could be rationalized In terms of the fact that the compound can be protonated 
and deprotonated under acidic and basic conditions. Apparently the 
photocatalytic oxidation seems to be favoured in the structural orientation of the 
molecule, when it is protonated under lower pH values. 
2.4.4. Effect of substrate concentration 
Effect of substrate concentration on the degradation of insecticide 
derivatives, phosphamidon (1), dichlorvos (2) and acephate (3) was studied at 
different concentrations of the insecticide. The degradation rate for the 
decomposition of insecticide derivatives 1 and 2 as a function of substrate 
concentration employing Degussa P25 (1 gL"^ ) as photocatalyst is shown in Fig. 
2.10 and 2.11 respectively, where it has been found that the degradation rate 
increases with the increase in substrate concentration from 0.15 to 0.35 mM in 
the case of 1 and from 0.25 to 1 mM in the case of 2. 
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Fig. 2.12: Influence of substrate concentration on the degradation rate for the 
mineralization of acephate (3). Experimental conditions: acephate concentrations (0.7, 
1.0, 1.5, and 2.0 mM), V = 160 mL, Photocatalyst: Degussa P25 (1 gL"^), in-adiation time 
= 2.5 hr. 
89 
The results are encouraging from practical standpoint since there is 
apparently no inhibition of the photocatalytic degradation even at highest 
pollutant concentration. Our results on the effect of the initial concentration on the 
degradation rate of 1 and 2 are in agreement with assumption of the Langmuir-
Hinshelwood model. 
The degradation rate for the TOC depletion of insecticide derivative 3 as a 
function of substrate concentration is shown in Fig. 2.12. It could be seen form 
the figure that the rate was found to increase slightly with the increase in the 
substrate concentration from 0.7 to 1 mM. A further increase in the substrate 
concentration led to decrease in the degradation rate. The reason for this 
behavior has been well discussed in chapter 1, section 1.4.4. 
2.4.5. Effect of catalyst concentration 
The effect of catalyst concentration on the degradation kinetics of 
phosphamidon (1), dichlorvos (2) and acephate (3) was investigated employing 
different concentrations of Degussa P25. The degradation rate for the 
decomposition of insecticide derivatives 1 and 2 as a function of different catalyst 
loading is shown in Figs. 2.13 and 2.14, respectively. The degradation rate for 
TOC depletion of insecticide derivative 3 in the presence of different catalyst 
concentrations is shown in Fig 2.15. In case of 1, it has been found that the rate 
increases with increase in catalyst concentration from 0.5 to 2 gL"^  and a further 
increase in catalyst concentration led to decrease in degradation rate. At the 
higher catalyst loading, although more surface area is available for the 
adsorption of substrate molecules but the substrate molecules remains constant 
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Fig. 2.15: Influence of catalyst concentration on the degradation rate for the 
mineralization of acephate (3). Experimental conditions: acephate concentration (1 mM), 
V = 160 mL, Photocatalyst: Degussa P25 (0.5,1, 2 and 3 gL"^), In-adlation time = 2.5 hr. 
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in the solution. Hence above a certain level, additional catalyst amount is not 
involved in catalytic activity and the rate tends to levels off. The decrease in the 
degradation at higher catalyst concentration may also be rationalized in terms of 
the fact that some amount of TiOz remains unilluminated (remain in ground state) 
and deactivation of activated molecules occurs by collisions with ground state 
molecules as shown by the following equation, 
Ti02* +Ti02 -> TiOa* + TiOa [5] 
Where Ti02* is the TiOa with active species adsorbed on its surface and 
Ti02* is the deactivated form of Ti02.^ ® Agglomeration and sedimentation of the 
Ti02 particles have also been reported. In this condition parts of the catalyst 
surface become unavailable for photon absorption, thus bringing decrease in the 
catalytic reactions. 
The optimal catalyst concentration depends on the geometry, the working 
condition of the photoreactor and the type of UV-lamp (power, wavelength). The 
crucial amount of Ti02 has to be found out in order to avoid unnecessary excess 
catalyst and also to ensure total adsorption of light for efficient photodegradation. 
Similar results of the effect of catalyst loading on phosphamidon degradation has 
been reported earlier by S. Rabindranathan et al.^^ 
On the other hand, in case of 2 and 3 the degradation rate was found to 
increase with the increase in catalyst concentration. This may be interpreted in 
terms of the fact that as the amount of catalyst increases, the number of photons 
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absorbed and the availability of surface for the adsorption of substrate molecules 
are increased and consequently, the formation of active species are also 
increased. This effect leads to higher degradation rate. Our results on the effect 
of catalyst concentration on the degradation rate of the insecticide derivatives, 1-3 
are in agreement with numerous studies reported in the literature.^ ^"^^ 
2.4.6. Effect of electron acceptors 
The effect of electron acceptor such as hydrogen peroxide, in addition to 
molecular oxygen on the degradation kinetics of the model compounds 1 and 2 is 
shown in Figs. 2.16 and 2.17, respectively. The degradation rate for the TOC 
depletion of the insecticide derivative 3, in the presence of hydrogen peroxide 
and potassium bromate is shown in Fig. 2.18. It has been found that the 
hydrogen peroxide enhances the degradation rate, for all the compounds under 
investigation and its effect on the degradation of compound 3 was more 
pronounced as compared with other systems. 
The reason for enhancement of the degradation rate on addition of 
hydrogen peroxide has already been discussed in chapter 1, section 1.4.6. As 
mentioned before, the addition of hydrogen peroxide generates reactive 
intermediate in the reaction medium. These reactive species may in turn either 
react with the pollutants or trap the photogenerated electron in the conduction 
band thereby reducing the back electron transfer. The net result leads to the 
enhancement of the degradation rate of the pollutants. 
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2.4.7 Intermediate products 
An attempt was made to identify the intermediate products formed in the 
photocatalytic degradation of model compound 2 and 3 in aqueous suspensions 
of titanium dioxide through GC-MS analysis technique. 
An aqueous suspension of dichlorvos (2, 1 mM) was irradiated in the 
presence of Degussa P25 (1 gL"^ ) under constant bubbling of oxygen for 3 h with 
a 125 W medium pressure mercury lamp in an immersion well photoreactor. The 
photocatalyst was removed through filtration and the solution was extracted with 
chloroform. The removal of the solvent under reduced pressure gave a residual 
mass, which was analyzed by GC/MS. The analysis of the irradiated mixture 
through GC/MS analysis showed the formation of several intermediate products. 
A probable pathway for the degradation of the model compound 2 involving 
electron transfer reactions and reactions with hydroxyl radical formed in the 
photocatalytic system is shown in Scheme 2.1. 
Irradiation of an aqueous suspension of acephate (3, 1 mM) in the 
presence of Degussa P25 (1 gL^) under analogous condition for 20 and 50 min 
in separate runs and workup of the reaction mixture in usual manner gave a 
residual mass. The GC/MS analysis of the irradiated residue showed the formation 
of three products (15, 17 and 18) could be assigned to (1-Hydroxy-ethyl)-
thiophosphoramidic acid 0,S-dimethyl ester, (l-Hydroxy-ethyl)-phosphoramidic 
acid monomethyl ester and (l-Hydroxy-ethyl)-thiophosphoramidic acid S-methyl 
ester appearing at retention times (tp) 3.41, 3.44 and 5.19 min, respectively. The 
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products were identified by comparing the molecular ion and mass spectrometric 
fragmentation peaks with those reported in the library, which are given below; 
Compound 15: 186 (M*^), 156, 126, 110, 95, 79, 63 and 47. 
Compound 17:156 (M*), 141, 126,110, 95, 79, 63 and 47. 
Compound 18: 172 (M*), 169, 157, 141, 125, 105, 79, 74, 61 and 47. 
The formation of intermediate products such as 15, 17 and 18 from 
acephate (3) could be- understood in terms of the pathways shown in Scheme 
2.2. The model compound 3 upon subsequent transfer of electron followed by the 
addition of protons may lead to the observed product 15. The product 15 upon 
further transfer of an electron followed by the addition of a hydroxyl radical can 
form the species 16, which may loose either (-SCH3) to give 17 or (-OCH3) to 
give 18. 
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Chapter 3 
SEMICONDUCTOR MEDIATED PHOTOCATALYSED DEGRADATION 
OF THREE SELECTED ORGANIC POLLUTANTS, DIMETHYL 
TEREPHTHALATE, 2,4-DICHLOROBENZOIC ACID AND 3,5-
DINITROBENZOIC ACID IN AQUEOUS SUSPENSION^ ^ 
3.1 Abstract 
The photocatalysed degradation of three selected organic pollutants such 
as dimethyl terephthalate (DMT, 1), 2,4-dichlorobenzoic acid (2,4-DCBA, 2) and 
3,5-dinitrobenzoic acid (3,5-DNBA, 3) has been investigated in aqueous 
suspensions of titanium dioxide under a variety of conditions. The degradation 
was investigated by monitoring the depletion in Total Organic Carbon (TOC) 
content as a function of irradiation time. The degradation kinetics were studied 
under different conditions such as pH, catalyst concentration, substrate 
concentration, different types of TiOa and in the presence of electron acceptor 
such as hydrogen peroxide (H2O2) besides molecular oxygen. The degradation 
rates were found to be strongly influenced by all the above parameters. The 
photocatalyst Ti02, Degussa P25 was found to be more efficient for the 
degradation of all three pollutants under investigation as compared with other Ti02 
powders. An attempt has also been made to identify the intermediate products 
formed during the photo-oxidation process through GC/MS analysis technique. A 
probable pathway for the formation of different products has been proposed. 
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3.2 Introduction 
Environmental pollution indeed, is a serious issue that continues to grow 
with the development of industrialized nations and the growth of population. 
Besides different class of pesticides, other chemicals have also contributed much 
to the increased dimensions of environmental pollution in general and water 
pollution in particular. Thus, the various toxic organic compounds are of increasing 
interest due to their emergence as one of the most important aquatic 
contaminants. They enter into the aquatic environment mainly through the 
industries of organic synthesis, pesticides, pharmaceutics, and dyes. 
The model compound, dimethyl terephthalate (DMT, 1) is a member of 
phthalate esters, which represents a large family of chemicals. The ortho-
substituted phthalate ester derivatives are widely used as plastisizers primarily in 
the production of polyvinyl chloride (PVC) resins.^ The short-chained esters 
(dimethyl and diethyl phthalate esters) are typically used in cellulose ester-based 
plastics, such as cellulose acetate and butyrate, respectively.^ Some of these 
phthalate esters, especially the long chained esters, have been recognized as 
cancer suspect agents and are, therefore considered as priority organic pollutant.^ 
In addition, phthalate esters are found to accumulate in the environment and to be 
toxic to a variety of natural organisms, which are at the base of natural food chain 
in both marine and fresh water environments.^"^° More importantly, dimethyl 
terephthalate, a para-substituted derivative, is a component of paints, adhesives, 
printing inks and coatings. It is used in the production of polyester resins, films 
and fibers and in the production of polyethylene terephthalate (PET) fiber for 
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home furnishings, tires, cord ropes and clothing. As these products become 
waste and are exposed to photochemical, thermal and microbial degradation, the 
phthalate esters are leached out by water thus turning into ubiquitous water 
pollutant. ^ ^ Dimethyl terephthalate can cause irritation of the skin, eyes and 
respiratory tract, skin rash, tearing and blurred vision. Other symptoms may 
include gastrointestinal irritation, liver damage, kidney damage and coma.^ '^^ ^ 
Numerous studies have demonstrated the biodegradability of several 
phthalate esters from soil, synthetic or real wastewater by activated sludge 
treatment,^ ^"^^ by biodegradation from natural sources of microorganisms^ '^^ ^ or 
by pure bacteria cultures and strains isolated from these habitats.^°'^^ However, 
there are very few studies related to the use of semiconductors in the 
photocatalytic degradation of phthalate esters. '^^ ^ 
Recently it has been shown^^ that photocatalysed degradation of diethyl 
phthalate (DEP) under UV light irradiation is strongly influenced by different 
parameters and gives different byproducts during the photooxidation process. On 
the other hand G. Mailhot and co-workers^^ have investigated the Fe (lll)-solar 
light induced degradation of diethyl phthalate (DEP) in aqueous solution. 
The model compound, 2,4-dichlorobenzoic acid (2,4-DCBA, 2) is an 
important intermediate for anti-malarial drugs, dyes, fungicides and other organic 
chemicals.^^ Due to its bio-recalcitrant property 2,4-DCBA accumulates in the 
environment as intermediate during biodegradation of chlorinated aromatics like 
polychlorinated biphenyls (PCBs).^ °'^ ^ The nitro-derivative such as 3,5-
dinitrobenzoic acid (3,5-DNBA, 3) has been used as a reagent in the derivatisation 
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of rasin^^ and in the determination of ampicillin.^^ To the best our knowledge, the 
photocatalytic degradation of these model compounds has not been studied, 
instead other chlorobenzoic acid derivatives have been studied earlier. For 
example, a comparative study on the photolytic and photocatalytic degradation of 
p-chlorobenzoic acid under UV and VUV irradiation has already been reported 
earlier by W. Han et. a l . ^ 
We have, therefore, investigated the detailed degradation kinetics of the 
model compounds, 1-3 shown in Chart 3.1 in aqueous suspension of TiOa under 
a variety of conditions alongwith the identification of the intermediate products 
formed during the photooxidation process through GC/MS analysis technique. 
O O 
C H a O - C ^ ^ ^ C - O C H s 
Dimethyl terephthalate (DMT) 
1,4-benzenedicarboxylic acid, dimethyl ester 
C10H10O4 
1 
COOH COOH 
,CI 
CI 
2,4-DCBA 
2,4-dichlorobenzoic acid 
0711401202 
2 
3,5-DNBA 
3,5-dinitrobenzoic acid 
C7H4N2O6 
3 
Chart 3,1; Chemical structure, Common name, Chemical name and 
Chemical formula. 
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3.3 Experimental 
3.3.1 Reagent and chemicals 
Dimethyl terephthalate (1) was obtained from Aldrich, whereas 2,4-
dichlorobenzoic acid (2) and 3,5-dinitrobenzoic acid (3) were obtained from Otto 
Kemi, Bombay, India and used as such without any further purification. The water 
employed in all the experiments was double distilled. The photocatalyst, titanium 
dioxide Degussa P25 (Degussa AG)^ ^ was used in most of the experiments, 
whereas other catalyst powders, namely, Hombikat UV100 (Sachtleben Chemie 
GmbH)^^ and PC500 (Millennium Inorganics)^ ® were used for comparative 
studies. The other chemicals used in this study such as NaOH, HNO3 and H2O2 
were obtained from Merck. 
3.3.2 Procedure 
Aqueous solutions of compounds with desired concentration were 
prepared in double distilled water. An immersion well photochemical reactor 
made of "Pyrex" glass equipped with a magnetic stirring bar, a water circulating 
jacket and an opening for supply of molecular oxygen was used. For irradiation 
experiments, aqueous solution of model compounds, 1-3 was taken into the 
photoreactor and the required amount of photocatalyst was added. The solution 
was stirred and bubbled with molecular oxygen for at least 15 minutes in the 
dark, to allow equilibration of the system so that the loss of compound due to 
adsorption can be taken into account. The pH of the reaction mixture was 
adjusted by adding a dilute aqueous solution of HNO3 or NaOH. Irradiations were 
carried out using a 125 W medium pressure mercury lamp (Philips). IR and short 
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wavelength UV radiations were eliminated by a water circulating "Pyrex" glass 
jacket. Samples (10 mL) were collected before and at regular intervals during the 
irradiation and analysed after centrifugation. 
3.3.3 Analysis 
The degradation of the model compounds, 1-3 was monitored by 
measuring the depletion in Total Organic Carbon (TOC) content as a function of 
irradiation time using Schlmadzu 5000 A TOC Analyzer.^^ 
3.3.4. Characterization of intermediate products 
For the characterization of intermediate products, the aqueous solutions 
(250 mL) of model compounds, 1-3 containing Ti02 (Degussa P25, 1 gL~') were 
taken in the immersion well photochemical reactor made of "Pyrex" glass. The 
mixture was irradiated with a 125 W medium pressure mercury lamp (Philips) for 
a required period of time. The photocatalyst was removed through filtration. The 
filtrate was extracted with chloroform, which was subsequently dried over 
anhydrous sodium sulphate and the solvent was removed under reduced 
pressure to give a residual mass, which was analyzed by GC/MS analysis 
technique. For GC/MS analysis^® of model compound 1, a Shimadzu Gas 
Chromatograph and Mass Spectrometer (GCMS-QP 5050) equipped with a 25 m 
CP SIL 19 CB (d= 0.25mm) capillary column, operating temperature-
programmed (50 °C for 20 min and 200 °C for 30 min at the rate of 10 °C min"^ ) 
in a split mode, injection volume 2.0 ^L with helium as a carrier gas was used. 
For GC/MS analysis^^ of model compounds 2 and 3, a Hewlett Packard 
Gas chromatograph and mass spectrometer (G1800A) equipped with a 30 m HP-1 
l l ? 
(d = 0.25 mm) capillary column, operating temperature programmed (injection 
temperature 100 °C which is raised to 250 °C at the rate of 10 °C min'^  which is 
further raised to 280 °C at the rate of 30 °C min"^ ) in splittless mode injection 
volume 0.5 |iL with helium as a carrier gas was used. 
3.4 Results and Discussion 
3.4.1 Photocatalysis of aqueous suspension containing dimethyl 
terephthalate (1), 2,4-dichlorobenzoic acid (2) and 3,5-dinitrobenzoic 
acid (3) In the presence of TiOz 
Irradiation of an aqueous suspension of the model compounds, 1-3 in the 
presence of photocatalyst (Ti02, Degussa P25, 1 gL"^ ) by the "Pyrex" filtered 
output of a 125 W medium pressure mercury lamp under oxygen atmosphere led 
to depletion in TOC content as a function of irradiation time. Figs. 3.1-3.3 show 
the depletion in TOC content as a function of time for irradiation of an aqueous 
suspension of model compounds, 1-3 in the presence and absence of 
photocatalyst. It could be seen from the figure that the loss of compound was 
negligible when the irradiation was carried out in absence of photocatalyst. The 
degradation curves (change in TOC content Vs irradiation time) for all the 
compounds under investigation could be fitted reasonably well by an exponential 
decay curve suggesting first-order kinetics. 
For each experiment, the degradation rate of the model compounds was 
calculated from the initial slope obtained by linear regression from a plot of the 
natural logarithm of the TOC content of the compounds as a function of 
irradiation time, i.e. first-order degradation kinetics. 
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Fig. 3,1: Depletion in TOC as a function of time for in^adiation of an aqueous solution of 
dimethyl terephthalate (1) in the presence and absence of photocatalyst. Experimental 
conditions: dimethyl terephthalate concentration (0.25 mM), V = 280 mL, Photocatalyst: 
Degussa P25 (1 gL'^), immersion well photoreactor, 125 W medium pressure Hg lamp, 
cont. O2 purging and stirring, irradiation time = 50 min. 
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Fig. 3.2: Depletion in TOC as a function of time for irradiation of an aqueous solution of 
2,4-clichlorobenzoic acid (2) in the presence and absence of photocatalyst. Experin^ental 
conditions: 2,4-dichlorobenzoic acid concentration (0.3 mM), V = 250 mL, Photocatalyst: 
Degussa P25 (1 gL"^), immersion well photoreactor, 125 W medium pressure Hg lamp, 
cont. O2 purging and stirring, irradiation time = 2 hr. 
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Fig. 3.3: Depletion in TOC as a function of time for irradiation of an aqueous solution of 
3,5-dinitrobenzoic acid (3) in the presence and absence of photocatalyst. Experimental 
conditions: 3,5-dinitrobenzoic acid concentration (0.35 mM), V = 250 mL, Photocatalyst: 
Degussa P25 (1 gL"^), immersion well photoreactor, 125 W medium pressure Hg lamp, 
cont. O2 purging and stirring, irradiation time = 2 hr. 
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The resulting first-order rate constant has been used in all the subsequent 
plots to calculate the degradation rate for the mineralization of the compounds 
using formula given below, 
-drrOC]/dt = kc" [1] 
TOC = Total Organic Carbon, k = rate constant, c= concentration of the pollutant, 
n = order of reaction. 
The degradation rate for the mineralization was calculated in terms of 
mole L"^  min"\ The zero irradiation time reading was obtained from blank solutions 
kept in the dark, but otherwise treated similarly to the irradiated solutions. 
3.4.2. Comparison of different photocatalysts 
The photocatalytic activity of three different commercially available Ti02 
powders (namely Degussa P25, Hombikat UV100 and Millennium Inorganic 
PC500) was tested on the degradation kinetics of model compounds, 1-3. The 
degradation rate obtained for the TOC depletion of DMT (1), 2,4-DCBA (2) and 
3,5-DNBA (3) in the presence of different types of Ti02 powders is shown in Figs. 
3.4-3.6, respectively. It could be apparently seen from the figure that degradation 
rate for the TOC depletion of model compounds was much more efficient in the 
presence of Degussa P25 as compared with other Ti02 powders. Therefore, in all 
following experiments, the photocatalyst Degussa P25 was used for the 
degradation experiments under different conditions. The reason for the better 
activity of Degussa P25 has been well discussed in chapter 1 and 2. 
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Fig. 3.4: Comparison of degradation rate for the TOC depletion of dimethyl terephthalate 
(1) in the presence of different photocatalysts. Experimental conditions: dimethyl 
terephthalate concentration (0.25 mM), V = 280 mL, Photocatalysts: Degussa P25 (1 gL"^ ), 
Hombikat UV100 (1 gL^) and PC500 (1 gL^), irradiation time = 50 min. 
17 
0.0030 
2 0.0025 
E 0.0020 
'.J 
I 0.0015 
^ 0.0010 
© 
£ 0.0005 
WD 
w 
a 
0.0000 
O E ] 2,4-DCBA 
P25 UVIOO PC500 
Type of photocatalysts 
Fig. 3.5: Comparison of degradation rate for the TOC depletion of 2,4-dichlorobenzoic 
acid (2) in the presence of different photocatalysts. Experimental conditions: 2,4-
dichlorobenzoic acid concentration (0.3 mM), V = 250 mL, Photocatalysts: Degussa P25 
(1 gL"'), Hombikat UV100 (1 gL^) and PC500 (1 gL'), irradiation time = 2 hr. 
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Fig. 3.6: Comparison of degradation rate for the TOC depletion of 3,5-dinitrobenzoic 
acid (3) in tlie presence of different photocatalysts. Experimental conditions: 3,5-
dinitrobenzoic acid concentration (0.35 mM), V = 250 mL, Photocatalysts: Degussa P25 
(1 gV), Hombikat UV100 (1 gL^) and PC500 (1 gL^), irradiation time = 2 hr. 
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3.4.3 pH Effect 
Employing Degussa P25 as photocatalyst, the degradation of DMT (1), 
2,4-DCBA (2) and 3,5-DNBA (3) in aqueous suspension of Ti02 was studied 
under varying pH values. The degradation rate for the TOC depletion of 
compounds, 1-3 as a function of reaction pH is shown in Figs. 3.7-3.9, 
respectively. In the present investigation, different behaviors for the degradation 
of the pollutants have been observed on the variation of pH. In the case of 1, the 
highest efficiency for degradation was observed at pH 4.5 as compared to other 
pH values. Thus, the adsorption of a relatively unpolar pollutant, such as DMT 
(1), on the photocatalyst's surface is apparently increasing under this condition 
and consequently its mineralization rate is enhanced. A similar trend for the 
effect of reaction pH on the photocatalytic degradation of 1,2-diethyl phthalate 
(DEP) has been reported earlier.^^ In addition, reactions were carried out to look 
into the hydrolysis of the ester under acidic (pH 3) and basic (pH 9) condition by 
irradiating the compound at these pH values in the absence of Ti02. Analyses of 
the irradiated samples indicate no observable loss of the compound. These 
results indicate that the ester does not undergo hydrolysis on direct photolysis. 
In contrast, the model compound 2,4-DCBA (2), responded in a different 
way i.e. the degradation rate was found to decrease with the increase in reaction 
pH and highest efficiency was observed at pH 3.6 as shown in Fig. 3.8. On the 
other hand, the degradation of model compound 3,5-DNBA (3) was found to be 
unaffected in the pH range studied and the rates were more or less same within 
the experimental error limits. 
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Fig. 3.7: Influence of pH on the degradation rate for the TOC depletion of dimethyl 
terephthalate (1). Experimental conditions: dimethyl terephthalate concentration (0.25 
mM), V = 280 mL, Photocatalyst: Degussa P25 (1 gL"^). reaction pH (3, 4.5, 7, 9 and 11), 
irradiation time = 50 min. 
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Fig. 3.8: Influence of pH on the degradation rate for the TOC depletion of 2,4-
dichlorobenzoic acid (2). Experimental conditions: 2,4-dichloroben2oic acid concentration 
(0.3 mM), V = 250 mL, Photocatalyst: Degussa P25 (1 gL""), reaction pH (3.5, 5.4, 7.1 
and 9.0), irradiation time = 2 hr. 
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Fig. 3.9: Influence of pH on the degradation rate for the TOC depletion of 3,5-
dinitrobenzoic acid (3). Experimental conditions: S.S-dinitrobenzoic acid concentration 
(0.35 mM), V = 250 mL, Photocatalyst: Degussa P25 (1 gL^), reaction pH (3.6, 5.5, 7.5, 
and 9.5), irradiation time = 2 hr. 
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The reason for the different degradation behavior of the compounds on 
variation of pH has already been discussed in chapter 1 and 2. 
3.4.4. Effect of substrate concentration 
The effect of substrate concentration on the degradation kinetics of the 
model compounds, 1-3 was investigated at varying concentrations. The 
degradation rate for the TOC depletion of compounds, 1-3 as a function of 
substrate concentration employing Degussa P25 (1 gL"^ ) as photocatalyst is 
shown in Figs. 3.10-3.12, respectively. In case of 1, the degradation rate has 
been found to increase with increase in substrate concentration form 0.10 to 0.25 
mM (Fig. 3.10). The results are encouraging from practical standpoint since there 
is apparently no inhibition of the photocatalytic degradation even at highest 
pollutant concentration. 
Whereas, in the case of 2, the rate was found to increase markedly with 
the increase in substrate concentration from 0.25 to 0.3 mM (Fig. 3.11) and a 
further increase in the substrate concentration led to slight decrease in the 
degradation rate. In contrast, in the case of 3 (Fig. 3.12), rate was found to be 
more or less same within the experimental error limits in the concentration range 
studied (0.25 to 0.55 mM). The effect of substrate concentration on the 
degradation of organic pollutants has been well discussed in chapter 1 and 2. 
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Fig. 3.10: Influence of substrate concentration on the degradation rate for tiie TOC 
depletion of dimethyl terephthalate (1). Experioiental conditions: dimethyl terephthalate 
concentrations (0.10, 0.15, 0.2 and 0.25 mM), V = 280 mL, Photocatalyst: Degussa P25 
(1 gL'^), irradiation time = 50 min. 
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Fig. 3.11: Influence of substrate concentration on the degradation rate for the TOC 
depletion of 2,4-dichlorobenzoic acid (2). Experimental conditions: 2,4-dichlorobenzoic 
acid concentrations (0.20, 0.25, 0.30 and 0.35 mM), V = 250 mL, Photocatalyst: 
Degussa P25 (1 gL"^), irradiation time = 2 hr. 
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Fig. 3.12: Influence of substrate concentration on the degradation rate for the TOC 
depletion of 3,5-dinitrobenzoic acid (3). Experimental conditions: 3,5-dinitrobenzoic acid 
concentrations (C.25, 0.35, 0.45, and 0.55 mM), V = 250 mL, Photocatalyst: Degussa 
P25 (1 gL"^), irradiation time = 2 hr. 
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3.4.5. Effect of catalyst concentration 
The effect of photocatalyst concentration on the degradation kinetics of 
compounds, 1-3 was studied using different amounts of Degussa P25 varying 
from 0.5 to 5 gL"V The degradation rate obtained for the TOC depletion of 1-3 as 
function of different catalyst concentration is shown in Figs. 3.13-3.15, 
respectively. The degradation rate for the TOC depletion of DMT (1) was found to 
increase continuously with increase in catalyst concentration from 0.5 to 5 gL"\ 
In contrast, in the case of 2 and 3, the degradation rate increases with the 
increase in catalyst concentration from 0.5 to 3 gL"^  (2,4-DCBA, 2) and 0.5 to 4 
gL"^  (3,5-DNBA, 3). A further increase in catalyst concentration led to decrease in 
the degradation rate as shown in Figs. 3.14 and 3.15, respectively. The reason 
regarding different degradation behavior of the pollutants on variation of catalyst 
concentration has been dealt in Chapter 1 and 2. 
3.4.6. Effect of electron acceptors 
The effect of electron acceptor such as hydrogen peroxide on the 
degradation kinetics of the model compounds, 1-3 has been investigated. The 
degradation rate for the TOC depletion of compounds, 1-3 in the presence of 
Degussa P25 (1 gL"^ ) containing varying concentrations of hydrogen peroxide (3-
10 mM) in addition to molecular oxygen is shown in Figs. 3.16-3.18, respectively. 
It was observed that the addition of hydrogen peroxide at all concentrations 
influenced the degradation rate and highest efficiency was found when 10 mM 
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Fig. 3.13: Influence of catalyst concentration on the degradation rate for the TOC 
depletion of dimethyl terephthalate (1). Experimental conditions: dimethyl terephthalate 
concentration (0.25 mM), V = 280 mL, Photocatalyst: Degussa P25 (0.5, 1, 2 and 5 gL"^), 
irradiation time = 50 min. 
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Fig. 3.14: Influence of catalyst concentration on the degradation rate for the TOC 
depletion of 2,4-dichlorobenzoic acid (2). Experimental conditions: 2,4-dichlorobenzoic 
acid concentration (0.3 mM), V = 250 mL, Photocatalyst: Degussa P25 (0.5, 1, 2, 3 and 
4 gL"^ ), irradiation time = 2 hr. 
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Fig. 3.15: Influence of catalyst concentration on the degradation rate for the TOC 
depletion of 3,5-dinitrobenzoic acid (3). Experimental conditions: 3,5-dinitrobenzoic acid 
concentration (0.35 mM), V = 250 mL, Photocatalyst: Degussa P25 (0.5, 1, 2, 3, 4 and 5 
gL'^), irradiation time = 2 hr. 
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Fig. 3.16: Comparison of degradation rate for the TOC depletion of dimethyl 
terephthalate (1) in the presence of photocatalyst and hydrogen peroxide. Experimental 
conditions: dimethyl terephthalate concentration (0.25 mM), V = 280 mL, Photocatalyst: 
Degussa P25 (1 gL'^), Electron Acceptor: H2O2 (10 mM), in-adiation time = 50 min. 
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Fig. 3.17: Comparison of degradation rate for the TOC depletion of 2,4-dichlorobenzoic 
acid (2) in the presence of photocatalyst and varying concentrations of hydrogen 
peroxide. Experimental conditions: 2,4-dichlorobenzoic acid concentration (0.3 mM), V = 
250 mL, Photocatalyst: Degussa P25 (1 gL"^), Electron Acceptors: H2O2 (0, 3, 6 and 10 
mM), irradiation time = 2 hr. 
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Fig. 3.18: Comparison of degradation rate for the TOC depletion of 3,5-dinitrobenzoic 
acid (3) in tlie presence of photocatalyst and varying concentrations of hydrogen 
peroxide. Experimental conditions: 3,5-dinitrobenzoic acid concentration (0.35 mM), V = 
250 mL, Photocatalyst: Degussa P25 (1 gL" )^, Electron Acceptors: H2O2 (0, 3, 6 and 10 
mM), irradiation time = 2 hr. 
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concentration of hydrogen peroxide was employed. Control experiments were 
carried out by irradiating the aqueous solution of the compounds in the absence 
of Ti02. Analysis of the sample showed no observable loss of the compound 
under these conditions. The reason for enhancement of the degradation rate on 
addition of hydrogen peroxide has already been discussed in chapter 1 and 2. 
3.4.7. Intermediate products 
An attempt was made to identify the intermediate products formed in the 
photocatalytic degradation of model compounds, 1-3 in aqueous suspensions of 
titanium dioxide through GC-MS analysis technique. An aqueous suspension of 
DMT (1, 0.25 mM, 250 mL) was irradiated in the presence of Degussa P25 (1 gL"^ ) 
under constant bubbling of oxygen for 20 and 30 min in a separate run with a 125 
W medium pressure mercury lamp in an immersion well photoreactor. The 
photocatalyst was removed through filtration and the solution was extracted with 
chloroform. The removal of the solvent under reduced pressure gave a residual 
mass, which was analyzed by GC/MS. The analysis of the irradiated mixture 
through GC/MS analysis showed the formation of two intermediate products, 19 
and 11 appearing at retention times HR) 17.77 and 19.43 min, respectively. The 
products were identified by comparing the molecular ion and mass spectrometric 
fragmentation pattern with those reported in the library. 
Compound 11: 226 (M^), 210, 196, 194, 179, 162, 151, 134, 123, 107, 85, 78, 59, 
53 and 40. 
Compound 19: 254 (M"), 224, 210, 196. 182,178, 154, 147, 136, 119, 108, 91, 71, 
63, 53 and 41. 
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A plausible mechanism for the formation of these products involving 
electron transfer reactions and reaction with hydroxyl radicals and superoxide 
radical anions formed in the photocatalytic system is proposed in Scheme 3.1 
and 3.2, respectively. The model compound 1 upon the addition of an electron 
can form the radical anion 4, which may in turn undergo addition of a hydroxyl 
radical to give species 6. The species 6 in the presence of molecular oxygen and 
proton may lead to the formation of compound 8, which upon loss of a molecule 
of hydrogen peroxide can give a hydroxy added compound 10. The hydroxy 
added compound 10 may undergo similar subsequent reactions leading to the 
formation of observed dihydroxy product 11. Alternatively, the formation of 11 
could also be explained via direct addition of hydroxyl radical as shown in 
Scheme 3.1. This compound was characterized on the basis of molecular ion 
and mass spectrometric fragmentation pattern. The formation of 19 could 
similarly be understood in terms of the pathways shown in Scheme 3.2. The 
radical anion 4 formed through electron transfer reaction may undergo addition of 
a proton followed by loss of (-COOCH3) group (14) to give species 12. The 
species 14 may undergo cleavage followed by addition to give acetoxy moiety, 
17. This may add to the starting compound 1, ultimately leading to the formation 
of 19. This product was identified by comparing the GC/MS spectra with those 
reported in the library. 
Irradiation of an aqueous suspension of 2,4-DCBA (2, 0.3 mM, 250 mL) in 
the presence of Degussa P25 (1 gL"^ ) for 30 min under analogous condition and 
workup of the reaction mixture in usual manner gave a residual mass. 
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The GC/MS analysis of the irradiated residue showed the formation of two 
products 21 and 24 appearing at retention times (IR) 8.53 and 15.24 min, 
respectively. The products were identified by comparing the molecular ion and 
mass spectrometric fragmentation pattern with those reported in the library, 
which are given below; 
Compound 21:156 (M^), 139, 128.113, 111, 99, 75, 73. 50, 38 and 32. 
Compound 24:173 (M*), 156,146.129, 119, 110, 87, 83. 71. 57. 39 and 32. 
The formation of intermediate products such as 21 and 24 from 2,4-DCBA 
(2) involving electron transfer reactions and reaction with hydroxyl radicals could 
be understood in terms of the pathways shown in Scheme 3.3 and 3.4, 
respectively. The model compound 2 upon transfer of electron followed by loss of 
a chloride ion can give rise to the radical species 20, which may abstract a 
hydrogen atom from the solvent to give the observed product 21. The formation 
of 24 could be understood in terms of the pathways shown in Scheme 3.4 
involving transfer of an electron followed by the addition of a hydroxyl radical and 
release of a chloride ion. 
Irradiation of an aqueous suspension of 3,5-DNBA (3, 0.35 mM, 250 mL) 
in the presence of Degussa P25 (1 gL'^ ) for 1 h and 2 h in a separate run under 
analogous condition and workup of the reaction mixture in usual manner gave a 
residual mass. The GC/MS analysis of the irradiated residue showed the 
formation of several intermediate products of which two products appearing at 
retention times OR) 16.27 and 13.80 min could be assigned to dihydroxy added 
product (27) and 3,5-dinitrophenol (30). respectively. 
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These products were characterized on the basis of molecular ion and 
mass spectrometric fragmentation pattern, which are given below; 
Compound 27: 247 (M^Y 225, 204, 161, 145, 118, 91, 69, 63 and 41. 
Compound 30: 184 (M*^), 169, 167, 155, 113, 112, 71, 57 and 43. 
The formation of intermediate products such as 27 and 30 from 3,5-DNBA 
(3) could be understood in terms of the pathways shown in Scheme 3.5 and 3.6, 
respectively. The model compound 3 may undergo addition of a hydroxyl radical 
followed by reaction with molecular oxygen or superoxide radical anion to give 
species 26, which upon loss of a molecule of hydrogen peroxide can form hydroxy 
added derivative 28. The hydroxy added derivative 28 may in turn undergo similar 
subsequent reactions leading to the formation of observed dihydroxy added 
product 27. The formation of 30 could be understood by direct addition of a 
hydroxyl radical followed by loss of carboxyl group as shown in Scheme 3.6. 
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Chapter 4 
SEMICONDUCTOR MEDIATED PHOTOCATALYSED DEGRADATION 
OF THREE SELECTED AZO DYE DERIVATIVES, ACID RED 17, ACID 
ORANGE 10 AND ACID YELLOW 36 IN AQUEOUS SUSPENSION^ 
4.1 Abstract 
The photocatalyed degradation of three selected azo dye derivatives, such 
as acid red 17 (1), acid orange 10 (2) and acid yellow 36 (3) has been investigated 
in aqueous suspensions of titanium dioxide (TiOa) under a variety of conditions. 
The degradation was monitored by measuring the change in substrate 
concentration as a function of irradiation time employing UV Spectroscopic 
analysis technique. The degradation was studied using different parameters such 
as types of Ti02, reaction pH, catalyst concentration, substrate concentration and 
in the presence of different electron acceptors such as hydrogen peroxide 
(H2O2), potassium bromate (KBrOa) and ammonium persulphate (NH4)2S208) 
besides molecular oxygen. The degradation rates were found to be strongly 
influenced by all the above parameters. Titanium dioxide, Hombikat UV100 was 
found to be more efficient photocatalyst for the degradation of dye derivative 1, 
whereas Ti02, Degussa P25 was found better for the photocatalytic degradation 
of dye derivatives 2 and 3, respectively. The dye derivative 1 was found to 
degrade faster as compared to the dye derivatives 2 and 3. 
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4.2 Introduction 
Water contamination is caused by various sources such as industrial 
effluents, agricultural runoff and chemical spills.^ The industrial estate in India is 
presently accommodating 48 small and medium scale dyeing and printing 
synthetic textile units. The industrial units are scattered and these units are 
producing large quantities of wastewater, which are highly polluting in nature.^ 
The consumption of water for processing one kg of textile goods varies from 10 
to 300 liters, depending on the nature of the fiber, form of textile goods and 
processing. Taking a conservative figure of 100 liters of water per kg the amount 
of wastewater generated by the textile industry works out to a gigantic 4500 
million kiloliters. Handling of such a huge quantity of wastewater is not only a 
difficult task but also a highly significant risk in maintaining the supply of safe 
drinking water. About 10,000 different dyes and pigments exist and over 7x10^ 
tones of these are produced annually word-wide. An estimated 10-15% of these 
dyes are lost in effluents during dyeing process"* that poses a major problem for 
the industry as well as threat to the environment.^^ 
Decolourization of dye effluents has therefore acquired increasing 
attention. A few dyes are known to undergo degradation via anaerobic 
reduction.^°'^ ^ Decolourization of dye effluent by bisulfite-catalysed borohydride 
reduction has also been reported earlier.^^ During the past two decades, 
photocatalytic processes involving Ti02 semiconductor particles under UV light 
illumination have been shown to be potentially advantageous and useful in the 
treatment of waste water pollutants. Earlier studies^ '^^ ^ have shown that a wide 
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range of organic substrates such as alkanes, alkenes, aromatics, surfactants, 
herbicides, pesticides, fungicides and insecticides can be completely 
photomineralized in the presence of TiOa and oxygen. 
Apart from the mechanism proposed for the excitation of TiOa in the 
presence of O2 and H2O on illumination as indicated in chapter 1, section 1.2.1, 
there is a possibility of direct absorption of light by the dye which can lead to 
charge injection from exited state of the dye to the conduction band of the 
semiconductor as summarized in the following equations; 
Dyeads + hv -^ Dycads* [1] 
Dyeads-+Ti02 -> Dyeads** +Ti02(e") [2] 
The azo dyes are used extensively in the textile industry which is 
characterized by the presence of N=N linkage. This class of dye comprises about 
half of ail textile dyes used today.^^ There are several studies related to the use 
of semiconductors in the photodegradation of azo dyes.^^'^^"^ Most of these 
studies deals with the degradation of dyes under different conditions. The azo 
dye derivatives, 1-3 have been used extensively in biological stain, coloring fibers 
and to dye silk and cotton fibers. The degradation of acid orange 10 in the 
presence of P25 anatase Ti02 semiconductor nanoparticles in a batch reactor 
using near UV-lamps has been studied earlier.^^ To the best of our knowledge no 
major efforts have been made to study the detailed degradation kinetics, which is 
essentia! from application point of view. We have, therefore, undertaken a 
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detailed study on the photodegradation of the dye derivatives, 1-3 (Chart 4.1) 
sensitized by TiOa in aqueous suspensions under a variety of conditions. 
HO^ SOsNa 
/ ^ N = N ^ V 
HO 
SOsNa 
Acid Red 17 
1 
NaOaS 
Acid Orange 10 
Ci6^'ioN2Na207S2 
2 
SOaNa 
NaOaS^^ 
Acid Yellow 36 
CisHuNsNaOaS 
3 
Chart 4.1: Chemical structure, name and chemical formula. 
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4.3 Experimental 
4.3.1 Reagent and chemicals 
The dye derivative acid red 17 (1) was obtained from otto kemi, Bombay, 
whereas, acid orange 10 (2) and acid yellow 36 (3) were obtained from 
Qualigens fine chemicals and Central Drug House (Private) Ltd., Bombay, India, 
respectively. They were used as such without any further purification. The water 
employed in all the studies was double distilled. The photocatalyst, Ti02 P25 
(Degussa AG) ^^  was used for the degradation of acid orange 10 and acid yellow 
36, whereas Hombikat UV100 (Sachtleben chemie GmbH) ^^  was used in the 
case of acid red 17 in most of the experiment. The catalyst powder PC500 
(Millenium inorganic chemicals) ^^  was used for comparative study. The other 
chemicals used in this study such as NaOH, HNO3, (NH4)2S208, H2O2 and KBrOa 
were obtained from Merck. 
4.3.2 Procedure 
Aqueous solutions of dye derivatives with desired concentration were 
prepared in double distilled water. An immersion well photochemical reactor 
made of "Pyrex" glass equipped with a magnetic stirring bar, water circulating 
jacket and an opening for supply of molecular oxygen was used. For irradiation 
experiment, aqueous solution of the dye was taken into the photoreactor and 
required amount of photocatalyst was added. The solution was stirred and 
bubbled with molecular oxygen for at least 15 min in the dark to allow 
equilibration of the system so that the loss of compound due to adsorption can be 
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taken into account. The pH of the reaction mixture was adjusted by adding a 
dilute aqueous solution of HNO3 or NaOH. The zero time reading was obtained 
from blank solution kept in the dark but otherwise treated similarly to the 
irradiated solution. The suspensions were continuously purged with molecular 
oxygen throughout each experiment. Irradiations were carried out using a 125 W 
medium pressure mercury lamp (Philips). IR-radiation and short-wavelength UV-
radiation were eliminated by a water circulating "Pyrex" glass jacket. Samples (10 
mL) were collected before and at regular intervals during irradiation and analyzed 
after centrifugation. 
4.3.3 Analysis 
4.3.3.1 Photodegradation of the dye 
The degradation of dye derivatives, 1-3 was followed by measuring the 
decrease in absorption intensity at their X^ ax as a function of irradiation time 
using Shimadzu UV-Vis Spectrophotometer (Model 1601). 
4.4 Results and Discussion 
4.4.1 Photocatalysis of aqueous suspension of dye derivatives (1-3) in the 
presence of Ti02 
Irradiation of an aqueous suspension of the dye derivatives, 1-3 in the 
presence of photocatalyst (Ti02), led to decrease in absorption intensity as a 
function of irradiation time. Figs. 4.1-4.3 show the change in absorption intensity 
as a function of time in the presence and absence of the photocatalyst (TiOg, 1 
gL'^ ) for the photocatalytic reactions of the dye derivatives 1-3, by the "Pyrex" 
filtered output of a 125 W medium pressure mercury lamp. It could be seen from 
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the Figs, that when irradiation was carried out in the absence of photocatalyst, 
there is no change in absorption intensity as a function of time. The degradation 
(change in absorption intensity vs. irradiation time) curves for dye derivatives 1 
and 2 except for 3 can be fitted reasonably well by an exponential decay curve 
suggesting first order kinetics. For convenience, the degradation of dye derivative 
3 was also considered as first order degradation kinetics. For each experiment, 
the degradation rate of the dye was calculated from the initial slope obtained by 
linear regression from a plot of the natural logarithm of the absorbance of the dye 
derivatives as a function of irradiation time, i.e. first order degradation kinetics. 
The resulting first order rate constant has been used in all the subsequent plots 
to calculate the degradation rate for the decomposition of the compounds using 
formula given below, 
-d[A]/dt = k c" [3] 
A = absorbance, k = rate constant, c = concentration of the pollutant, n = order of 
reaction. 
The degradation rate was calculated in terms of mole L"^  min"\ 
Control experiments were carried out in all cases employing unirradiated 
blank solutions. The zero time reading was obtained from blank solution kept in 
the dark, but otherwise treated similarly to the irradiated solutions. 
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- • - Acid Red 17/With UVIOO 
Acid Red 17 / Without UVIOO 
15 20 25 30 35 
Irradiation Time (min) 
Fig. 4.1: Change in absorption intensity at 521 nm as a function of irradiation time for 
aqueous solution of acid red 17 (1) In the presence and absence of photocatalyst. 
Experimental conditions: dye concentration (0.2 mM), V = 250 mL, Photocatalyst: 
Hombikat UVIOO (1 gL"^), immersion well photoreactor, 125 W medium pressure Hg 
(amp, cont. O2 purging and stirring, irradiation time = 45 min. 
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Fig. 4.2: Change in absorption intensity at 479 nm as a function of in-adiation time for 
aqueous solution of acid orange 10 (2) in the presence and absence of photocatalyst. 
Experimental conditions: dye concentration (0.125 mM), V = 250 mL, Photocatalyst: 
Degussa P25 (1 gL"^), immersion well photoreactor, 125 W medium pressure Hg lamp, 
cont. O2 purging and stirring, irradiation time = 60 min. 
IJ - . 
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70 
Fig. 4.3: Change in absorption intensity at 435 nm as a function of in-adiation time for 
aqueous solution of acid yellow 36 (3) in the presence and absence of photocataiyst. 
Experimental conditions: dye concentration (0.125 mM), V = 250 mL, Photocataiyst: 
Degussa P25 (1 gL'^), immersion well photoreactor, 125 W medium pressure Hg lamp, 
cont. O2 purging and stirring, irradiation time = 60 min. 
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4.4.2 Comparison of different photocatalysts 
The photocatalytic activity of three different commercially available Ti02 
powders (namely Degussa P25, Hombikat UV100, and Millennium Inorganic 
PC500) was tested on the degradation kinetics of the dyes under investigation. 
The degradation rate obtained for the decomposition (decrease in absorption 
intensity vs. irradiation time) of dye derivatives, 1-3 in the presence of different 
type of Ti02 powders is shown in Figs. 4.4-4.6, respectively, it has been 
observed that the degradation of 1 proceeds much more rapidly in the presence 
of Hombikat UV100, whereas, the photocatalyst Degussa P25 was found to be 
more efficient for the degradation of 2 and 3 as compared with other Ti02 
samples. Earlier studies have shown that Degussa P25 was found to show better 
activity for the photocatalytic degradation of a large number of organic 
compounds.'*°"^^ On the other hand Lindner et al.'*^ showed that Hombikat UV100 
was almost four times more effective than P25 when dichloroacetic acid was 
used as model pollutant. Also Hombikat UV100 was found to be better for the 
degradation of benzidine, 1,2-diphenyl hydrazine^^ and eosine yellowish^^ as 
reported earlier. 
The reason for better photocatalytic activity of Degussa P25 and Hombikat 
UV100 has been well discussed in chapter 1 and 2. In all the following 
experiments, Hombikat UV100 was used as the photocatalyst for the 
photocatalytic degradation of 1, whereas, Degussa P25 was used for the 
degradation of 2 and 3 since they showed better activity for the respective dyes. 
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Fig. 4.4: Comparison of degradation rate for the decomposition of acid red 17 (1) in the 
presence of different photocataiysts. Experimental conditions: dye concentration (0.2 
mM), V = 250 mL, Photocataiysts: Hombikat UV100 (1 gL^), Degussa P25 (1 gL') and 
PC500 (1 gL'^), in-adiation time = 45 min. 
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Fig. 4.5: Comparison of degradation rate for the decomposition of acid orange 10 (2) in 
the presence of different photocatalysts. Experimental conditions: dye concentration 
(0.125 mM), V = 250 mL. Photocatalysts: Degussa P25 (1 g L ^ Hombikat UVIOO (1 gL^) 
and PC500 (1 gL"^), irradiation time = 60 min. 
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Fig. 4.6: Comparison of degradation rate for the decomposition of acid yellow 36 (3) in 
the presence of different photocatalysts. Experimental conditions: dye concentration 
(0.125 mM), V = 250 mL, Photocatalysts: Degussa P25 (1 gL^), Hombikat UV100 (1 gL') 
and PC500 (1 gL'^), irradiation time = 60 min. 
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4.4.3 pH Effect 
An important parameter in the photocatalytic reactions taking place on the 
particulate surfaces is the pH of the solution, since it dictates the surface charge 
properties of the photocatalyst and size of aggregates it forms. Therefore, the 
degradation of 1-3 was studied at different pH values (in the range 3 to 9). The 
degradation rate for the decomposition of 1-3 as a function of reaction pH is 
shown in Figs. 4.7-4.9, respectively. The model compound 1 was found to be 
unstable at pH 3, which was indicated by the decrease in absorption intensity. 
However, it is interesting to note that the highest efficiency for the degradation of 
1 was found at pH 5.2 as compared with rate observed at pH 7 and 9. Whereas, 
in the case of 2 and 3, the rate increases with the increase in reaction pH from 3 
to 9 and highest efficiency was observed at pH 9. 
The interpretation of pH effect on the photocatalytic process is very 
difficult because of its multiple roles such as electrostatic interactions between 
the semiconductor surface, solvent molecules, substrate and charged radicals 
formed during the reaction process. The ionization state of the surface of the 
photocatalyst can be protonated and deprotonated under acidic and alkaline 
conditions respectively, as shown in following equations, 
TiOH + H* -> TiOHa* [4] 
TiOH + OH" -4 TiO- + H2O [5] 
The point of zero charge (pzc) of the Ti02 (Degussa P25) is widely 
reported at pH ~ 6.25.'*^ Thus, the Ti02 surface will remain positively charged in 
acidic medium (pH < 6.25) and negative charge in alkaline medium (pH > 6.25). 
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Fig. 4.7: Influence of pH on the degradation rate for the decomposition of acid red 17 
(1). Experimental conditions: dye concentration (0.2 mM), V = 250 mL, Photocatalyst: 
Hombikat UV100 (1 gL" )^, reaction pH (5.2, 7.0, and 9.0), in-adiation time = 45 min. 
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Fig. 4.8: Influence of pH on the degradation rate for the decomposition of add orange 10 
(2). Experimental conditions: dye concentration (0.125 mM), V = 250 mL, Photocatalyst: 
Degussa P25 (1 gL'^), reaction pH (3.1,4.6,7.4, and 9.5), irradiation time = 60 min. 
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Fig. 4.9: Influence of pH on the degradation rate for the decomposition of acid yellow 36 
(3). Experimental conditions: dye concentration (0.125 mM), V = 250 mL, Photocatalyst: 
Degussa P25 (1 gL'^), reaction pH (3, 5.1, 7.3, and 9), in-adiation time = 60 min. 
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The better efficiency for the degradation of dyes at alkaline pH may be 
attributed to more efficient generation of hydroxy! radicals by Ti02 with increasing 
concentration of OH". At alkaline pH values, the hydroxyl radicals have to diffuse 
away and degrade the dye in bulk solution. Similar results were reported earlier 
for the degradation of dye derivatives acid blue 40'*^, chromotrope 2B and amido 
black 10B.^ ^ 
4.4.4 Effect of substrate concentration 
The effect of substrate concentration on the degradation of the dye 
derivatives, 1-3 was studied at different concentrations of the dye. The 
degradation rate for the decomposition of 1-3 as a function of substrate 
concentration employing photocatalyst (1 gL"^ ) is shown in Figs. 4.10-4.12, 
respectively. Our results on the effect of the initial concentration on the 
degradation rate of the dye derivative 1 indicate that the rate increases with the 
increase in substrate concentration from 0.15 to 0.25 mM and a further increase 
in concentration led to decrease in the degradation rate. However for the dye 
derivative 2 and 3, the degradation rate was found to decrease continuously with 
the increase in the substrate concentration from 0.125 to 0.25 mM. The decrease 
in the degradation rate of dyes at high concentration is may be due to the fact 
that as the initial concentrations of the dye increases, the colour of the irradiating 
mixture becomes more and more intense which prevents the penetration of light 
to the surface of the catalyst: Hence, the generations of relative amount of OH* 
and O2' * on the surface of the catalyst do not increase as the intensity of light, 
illumination time and concentration of the catalyst are constant. Conversely, the 
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Fig. 4.10: Influence of substrate concentration on the degradation rate for the 
decomposition of add. red 17 (1). Experimental conditions: dye concentrations (0.15, 0.2, 
0.25 and 0.30 mM), V = 250 mL, Photocatalyst: Homblkat UV100 (1 gL^), Irradiation 
time = 45 min. 
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Fig. 4.11: Influence of substrate concentration on the degradation rate for the 
decomposition of add orange 10 (2). Experimental conditions: dye concentrations 
(0.125, 0.15, 0.20, and 0.25. mM), V = 250 mL, Photocatalyst: Degussa P25 (1 gL^), 
irradiation time = 60 min. 
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Fig. 4.12: Influence of substrate concentration on the degradation rate for the 
decomposition of acid yellow 36 (3). Experimental conditions: dye concentrations (0.125, 
0.15, 0.20, and 0.25 mM), V = 250 mL, Photocatalyst: Degussa P25 (1 gL'^), irradiation 
time = 60 min. 
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concentrations of OH* and 62" * will decrease with increase in concentration of 
the dye as the light photons are largely absorbed and prevented from reaching 
the catalyst surface by the dye molecules. Consequently, the degradation 
efficiency of the dye decreases as the dye concentration increases. Similar 
results have been reported for the degradation of a number of dyes earlier.^ ^"^° 
4.4.5 Effect of catalyst concentration 
The effect of photocatalyst concentration on the degradation kinetics of 
dye derivatives, 1-3 was investigated employing different concentrations of 
Hombikat UV100 for 1 and Degussa P25 for 2 and 3 varying from 0.5 to 5 gL"\ 
The degradation rate for the decomposition of the dye derivatives, 1-3 as function 
of catalyst loading is shown in Figs. 4.13-4.15, respectively. The degradation rate 
for the decomposition of 1 was found to increase with the increase in catalyst 
concentration from 0.5 to 2 gL"^  and in the case of 2 and 3 the rate increases with 
increase in catalyst concentration from 0.5 to 3 gL'V A further increase in catalyst 
concentration led to a decrease in degradation rate of all the dye derivatives. 
This observation indicates that beyond this optimum catalyst concentration, other 
factors affect the degradation of dyes. At high TiOa concentrations, particles 
aggregate which reduces the interfacial area between the reaction solution and 
the photocatalyst. Thus, the number of active sites on the catalyst surface is 
decreased. The increase in opacity and light scattering by the particle may be the 
other reasons for the decrease in the degradation rate at higher catalyst 
concentration. The adsorption of dye derivatives, 1-3 on the surface of the 
photocatalyst was investigated by stirring the aqueous solution in the dark for 24 
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hr in a round-bottomed flask containing varying amount of Ti02 such as 0, 0.5, 1, 
2, 3 and 5 g L \ Analysis of the solution after centrifugation using UV-
spectroscopic technique showed no appreciable adsorption of the dyes on the 
surface of photocatalyst. 
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Fig. 4.13: Influence of catalyst concentration on the degradation rate for the 
decomposition of acid red 17 (1). Experimental conditions: dye concentration (0.2 mM), V 
= 250 mL. Photocatalyst: Hombikat UV100 (0.5,1,2 and 3 gL"^ ), irradiation time = 45 min. 
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Fig. 4.14: Influence of catalyst concentration on the degradation rate for the 
decomposition of acid orange 10 (2). Experimental conditions: dye concentration (0.125 
mM), V = 250 mL, Photocatalyst: Degussa P25 (0.5,1, 2, 3 and 5 gL"^), irradiation time = 
60 min. 
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Fig. 4.15: Influence of catalyst concentration on the degradation rate for the 
decomposition of acid yellow 36 (3). Experimental conditions: dye concentration (0.125 
mM), V = 250 mL, Photocatalyst: Degussa P25 (0.5,1, 2, 3 and 5 gL"^), in-adiation time = 
60 min. 
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4.4.6 Effect of electron acceptors 
The effect of electron acceptors, such as hydrogen peroxide, potassium 
bromate and ammonium persulphate in addition to molecular oxygen on the 
degradation kinetics of the dye derivatives, 1-3 has been investigated in the 
presence of titanium dioxide. The degradation rate for the decomposition of the 
dye derivatives, 1-3 in the presence of different electron acceptors are shown in 
Figs. 4.16-4.18, respectively. In the case of 1 hydrogen peroxide and potassium 
bromate was found to be more efficient electron acceptors. On the other hand, all 
the additives showed a beneficial effect on the photocatalytic degradation of 2, 
whereas, in the case of 3 additions of electron acceptors such as hydrogen 
peroxide and bromate ions markedly enhanced the degradation rate. The model 
compound 1 and 3 were found to be unstable in the presence of ammonium 
persulphate, which was indicated by the decrease in absorption intensity. 
Blank experiments were carried out by irradiating the aqueous solution of 
the dyes containing different additives in the absence of the Ti02. Analysis of the 
sample showed no observable loss of the compound in the presence of these 
additives. 
The mechanism involved in the generation of different reactive species 
and their reduction potentials have already been indicated in the chapter 1, 
section 1.4.6. 
171 
0 030 
0 000 
UV 100 / KBiOj UV 100 / HjOj 
Electron acceptors 
UVIOO 
Fig. 4,16: Comparison of degradation rate for the decomposition of acid red 17 (1) in the 
presence of different electron acceptors. Experimental conditions: dye concentration (0.2 
mM), V = 250 mL, Photocatalyst: Hombikat UV100 (1 gL^), Electron Acceptors: H2O2 (10 
mM), KBr03(3 mM), irradiation time = 45 min. 
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Fig. 4.17: Comparison of degradation rate for the decomposition acid orange 10 (2) in 
the presence of different electron acceptors. Experimental conditions: dye concentration 
(0.125 mM), V = 250 mL, Photocatalyst: Degussa P25 (1 gL"^), Electron Acceptors: 
KBr03(3 mM), H2O2 (10 mM) and (NH4)2S208 (3 mM), irradiation time = 60 min. 
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Fig. 4.18: Comparison of degradation rate for tiie decomposition acid yellow 36 (3) in 
the presence of different electron acceptors. Experimental conditions: dye concentration 
(0.125 mM), V = 250 mL, Photocatalyst: Degussa P25 (1 gL'^), Electron Acceptors: 
KBr03(3 mM), and H2O2 (10 mM), irradiation time = 60 min. 
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Conclusion: 
The results of these studies indicate that TiOa can efficiently catalyse the 
degradation of variety of organic compounds in the presence of light. The results 
also indicate that degradation of the pollutant could be influenced by a number of 
parameters such as type of photocatalyst, pH, substrate and catalyst 
concentration and in the presence of electron acceptors beside molecular 
oxygen. 
It could be demonstrated that photocatalytic properties of different TiOa 
materials may differ considerably for the degradation of different systems. The 
TiOa sample obtained from Degussa P25 was found to be more efficient 
photocatalyst for the degradation of all the compounds studied except picloram 
and acid red 17. For the degradation of picloram and acid red 17, the Ti02 
sample such as Hombikat UV100, a high surface anatase catalyst, seems to be 
the best photocatalyst as compared with other Ti02 powders. 
Our results suggest that the organic pollutant such as picloram, dicamba, 
floumeturon, dichlorvos, acephate, 2,4-dicholorobenzoic acid and acid red 17 can 
be degraded rapidly at lower pH while dimethyl terephthalate was found to 
degrade faster at pH 4.5, on the other hand acid orange 10 and acid yellow 36 
were found to degrade faster under alkaline pH range. 
Our results also suggest that the addition of electron acceptors such as 
bromate ions and hydrogen peroxide can enhance the decomposition and 
mineralization of different model system studied. 
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The observations of these investigations clearly demonstrate the 
importance of choosing the optimum degradation parameters to obtain high 
degradation rate, which is essential for any practical application of photocatalytic 
oxidation processes. The best degradation condition depends strongly on the 
specific kind of pollutant. The intermediate products formed during the process 
could also be responsible for the slow mineralization of the model pollutant. 
Identification of intermediate products formed during the photooxidation process 
using GC/MS analysis technique were useful source of information for the 
degradation pathways. 
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